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ABSTRACT 
The Araçuaí orogen (SE Brazil) is one of the largest (350,000 km2) and long-lived (ca. 630 – 480 
Ma) granitic province in the world. Its wide variety of granitoids recording mid- to lower crustal P - 
T conditions allow direct investigation of petrological processes occurring in the deepest part of the 
continental crust. This study investigates the field, textural, geochemical, geochronological and 
isotopic evolution of the pre-collisional Galiléia Batholith (ca. 15,000 km2) outcropping in the 
central part of the Araçuaí orogen. This weakly foliated Neoproterozoic (ca. 632–550 Ma), 
metaluminous to slightly metaluminous (ASI = 0.97–1.07), calc-alkaline granitoid body is 
characterized by the widespread occurrence of grossular-rich garnet and epidote. This is a rare 
mineral association in Cordilleran-I-type granitoids and of special petrogenetic significance. Field, 
petrographic, and mineral chemistry evidence indicate that garnet, epidote, biotite as well as white 
mica crystals (low-Si phengite), are magmatic. There is no difference in bulk rock major and trace 
element composition between the Galiléia and other garnet-free cordilleran-type granitoids 
worldwide. The uncommon garnet+epidote parageneses are related to the pressure, temperature and 
water content conditions of magma crystallization. Comparison with the mineral assemblages and 
mineral compositions obtained from crystallization experiments from garnet-bearing metaluminous 
calc-alkaline magmas, indicates that the supersolidus coexistence of grossular-rich garnet, epidote 
and white mica is consistent with crystallization at pressures greater than 0.8 GPa (above 25 km 
depth). This shows that the Galiléia batholith was assembled in the lower crust during the 
accretionary/collisional stages of the Neoproterozoic Brasiliano Orogeny. However, the lifetime of 
deep magma chambers and the duration of magmatic activity in them remains a puzzle, contrary to 
young upper crustal magmatic systems. Despite being homogeneous with respect to 
mineralogy/texture and major/trace elements, all samples from the central part of the batholith 
record extreme variability in U-Pb magmatic ages from ca. 630 to 555 Ma. Trace element 
geochemistry and Hf isotopes from the igneous zircons – here interpreted as autocrysts (ca. 555 – 
560 Ma) and antecrysts (> 560 Ma) – are all consistent with an open-system crystallization, rather 
than a simple cooling following fractional crystallization at the level of magma emplacement. We 
interpret the age variability as the result of a long-lived, uninterrupted injection of compositionally 
similar magmas in the lower crust during the batholith assembling. These conditions kept the 
system above its solidus through the 80 Ma of zircon crystallization. Unradiogenic 176Hf/177Hf and 
143Nd/144Nd isotopic values of the Galileía samples indicate no direct mixing with mantle-derived 
magmas. This explains the scarcity of mafic products in the region. Mineral textural, 
geochronological and isotopic similarities with other younger and older granitic plutons constructed 
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within accretionary / fore-arc settings, better explain the characteristics showed by the Galiléia 
granitoids. Thus it is suggested that this giant batholith was assembled in an accretionary prism 
during the Brasiliano Orogenic stages. Eventually, it is likely that during the Brasiliano/Pan-African 
orogeny, accretionary prism, fore- and back–arc setting were sites of voluminous silicic magmatism 
and commonplaces for the stabilization of continental crust and its differentiation. 
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RESUMO 
O orógeno Araçuaí (sudeste do Brasil), é uma das maiores  províncias  graniticas (ca. 350,000 km2) 
de longa duração (ca. 630 – 480 Ma) do mundo. A sua ampla variedade de granitoides que 
registram condições de P e T de crosta média a inferior permitem a investigação direita de 
processos petrológicos que ocorrem na crosta inferior continental. Através de estudos de campo, 
texturais, geoquímicos, geocronológicos e isotópicos o presente estudo investiga a evolução do 
batólito Galiléia (ca. 15,000 km2) aflorante na parte central do Orógeno Araçuaí. Este batólito 
fracamente foliado, Neoproterozoico (ca. 630 – 550 Ma), metaluminoso a levemente peraluminouso 
(ASI = 0.97 – 1.07) e calcio-alcalino, é caracterizado pela  ocorrência de granada grossulária e 
epidoto. Esta associação mineralógica em granitóides cordilheiranos tipo I é rara e de grande 
significado petrológico. Evidências de campo, texturais e de quِímica mineral indicam que granada, 
epidoto, biotita e também mica branca (fengita de baixo silício) são minerais magmáticos. Os 
elementos maiores e traços dos granitóides Galiléia não mostram diferenças composicionais quando 
comparados com granitos cordilheiranos sem granada descritos no mundo. Isso sugere que a 
paragênese granada+epidoto esteja relacionada às condições de pressão, temperatura e teor de água 
do magma cristalizante. Comparações com as assembleias e composições dos minerais produzidas 
durante experimentos de cristalização que utilizam magmas calcio-alcalinos metaluminosos com 
granada magmática, indicam que a existência de granada enriquecida em grossulária, epidoto e 
mica branca está relacionada a uma cristalização sob pressões superiores a 0.8 GPa (acima de 25 
km de profundidade). Estas evidencias mostram que o batólito Galiléia foi construído na crusta 
profunda durante os estágios de acreção e colisão do Ciclo  Orogenético Brasiliano 
(Neoproterozoico). Contudo, ao contrário dos sistemas magmáticos jovens de crosta superior, tanto 
o tempo de vida quanto a duração da atividade magmática das câmaras magmáticas profundas 
permanecem um enigma. Apesar de ser homogêneo em relação a mineralogia/textura e elementos 
maiores/traços, todas as amostras da parte central do batólito registram uma extrema variabilidade 
nas idades magmaticas U-Pb, de aproximadamente 630 Ma até 550 Ma. Elementos traços e isótopos 
de Hf em zircões magmáticos – aqui interpretados como auto-cristais  (ca. 555 – 560 Ma) e ante-
cristais (> 560 Ma) – são consitentes com um processo de cristalização em sistema aberto,  ao invés 
de um simples processo de resfriamento e cristalização fracionada no nível da colocação do magma. 
A variabilidade de idades é interpretada como resultado de uma prolongada e ininterrupta injeção de 
magmas de composição similar na crosta inferior ao longo da construção do batólito. Tudo isso , 
manteve o sistema acima do solidus durante 80 Ma de contínua cristalização de zircão. Os valores 
não radiogênicos dos isótopos de 176Hf/177Hf  e 143Nd/144Nd das amostras evidenciam que não houve 
mistura com magmas de manto. Isso explicaria a carência de magmas máficos na área. As 
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semelhanças minerais, geocronológicas e isotópicas com outros plutons graníticos mais novos e/ou 
mais velhos construídos dentro de prismas acrecionários / bacias de antearco e retroarco, explicam 
melhor as características mostradas pelos granitos Galiléia. Assim, sugere-se que este batólito foi 
edificado em um prisma de acreção durante os estágios orogênicos Brasilianos. Enfim, é provável 
que ao longo das orogenias Brasilana/Pan-Africana, prismas acrecionários, bacias de antearco e 
retroarco se comportaram como sítios de geração de grandes volumes de magmas silicáticos, e 
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1.1 - I-TYPE, OR CORDILLERAN I-TYPE GRANITOIDS? 
1.1.1 – Generalities 
The major components of Earth’s continental crust are granitic and silicic rocks which can 
occur in different tectonic setting. One of the biggest and still on-going debates in granite petrology 
is what process(es) govern the granitoid geochemical variability and thus their mineralogical 
assemblage (Clemens et al., 2011). In the 1970’s Chappell & White, (1974) recognized two groups 
of granitoids in the Lachlan Fold Belt, eastern Australia. They suggested that one group was derived 
from the partial melting of (meta)sedimentary protoliths while a different one was formed by the 
reworking of (meta)igneous rocks. Then the suffix I and S was meant as indication of the type of 
the source generating these silicic magmas: I for igneous and S for sedimentary-derived.  
I-type granites are mainly composed of granodiorites and tonalites, with subordinate 
amounts of granites sensu strictu (Roberts & Clemens, 1993). Between the possible granitoid types 
defined in the literature (Chappell & White, 1974; Frost et al., 2001; Brown, 2013), these granites 
are by far the most voluminous. Because I-type granitoids are mostly found in arc settings, where 
both silicic and mafic magmas can have juvenile signature, I-type granites are therefore considered 
to be the main crust-forming component (i.e., Castro et al., 2010 and references therein). They form 
small plutons to big batholiths commonly containing variable amounts of magmatic enclaves, 
metasedimentary xenoliths and closely associated with volcanic rocks, typically andesites and 
rhyolites.  
In thin section the mafic mineral assemblage of I-type granites are composed by low Al-
biotite ± hornblende and more rarely clinopyroxene. K-feldspar is generally less abundant, and with 
quartz, it is usually one of the last to crystallize. An-rich plagioclase (An > 70 mol.%) can be 
present. Accessory minerals are zircon, allanite, titanite, epidote and sometimes magnetite (Kemp 
and Hawkesworth, 2004; Clemens et al., 2011). These granitoids are slightly peraluminous to 
metaluminous (Clemens et al., 2011) with SiO2 content ranging from 50 up to ca. 77 wt.%, with a 
low K2O/Na2O ratio (< 1), although some also have high K2O content (ca. > 2 wt.%; Roberts & 
Clemens, 1993; Clemens et al., 2009).  
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In contrast, S-type granitoids are recognized by the stable presence of garnet and cordierite 
(anhydrous Al-rich ferromagnesian silicate phases), muscovite and Al-rich biotite in the major rock-
forming minerals. Accessory minerals are mostly zircon, monazite and ilmenite. In S-type granites, 
the SiO2 content is more restricted (64 – 77 wt.%) and the K2O/Na2O ratio is high, above 1. 
Moreover, I-type granitoids generally have the tendency to not carry inherited zircons as it is 
generally seen for S-type rocks. Importantly, as noted by Clemens et al. (2011), igneous-derived 
granites sensu latu have A/CNK (Al/2Ca+Na+K in mol.%; Alumina Saturation Index) and CaO 
content showing negative and positive correlation with maficity index (FeOTot + MgO wt.%), 
respectively. The opposite is shown by S-type granites sensu latu. 
1.1.2 Garnet and epidote in metaluminous magmatic rocks 
It is widely accepted that the main difference between S- and I-type granites is the higher 
A/CNK index of the S-type rocks. This is due to the presence of garnet and/or cordierite as stable 
mafic minerals. In contrast, I-type granites, being slightly peraluminous to metaluminous, are 
characterized by having stable biotite and hornblende (± clinopyroxene). However, in rare cases, 
this mineralogical classification between I- and S-type rocks is not valid. In fact Green & Ringwood 
(1968), Green (1972; 1977; 1992), Evans &Vance (1987), Dawes & Evans (1991), Day et al. 
(1992), Schmidt (1993), Schmidt & Thompson (1996), Harangi et al. (2001), Barnes & Allen 
(2006), Alonso-Perez et al. (2009), Bach et al. (2012) and Samadi et al. (2014)  have shown that 
metaluminous silicic plutonic rocks and their volcanic equivalents can contain garnet. The 
occurrence of Al-silicate mineral in Al2O3-poor rocks is quite rare because requires specific and 
restricted conditions.  
Crystallization experiments (Green & Ringwood 1968; Green 1972, 1977, 1992; Harangi et 
al., 2001) have shown that garnet is stable when the magma crystallizes at high pressure condition, 
usually above 0.8 GPa (Fig. 1.1). The high CaO content in garnet is taken as indication of high 
pressure (> 0.8 GPa) crystallization because plagioclase breaks down at pressure > 0.8 GPa 
liberating CaO which is accommodated within garnet. Such high CaO content in garnet is also taken 
as indication that the magma was at high water content (5 – 10 wt.% H2O), implying then low 
crystallization temperatures. Indeed, Alonso-Perez et al. (2009) found a correlation between water 
content dissolved in the melt, garnet CaO content and T of crystallization. That is, as the 
crystallization temperatures decreases and water dissolved in the magma increases, garnet became 
more FeO- and CaO-rich, but depleted in MgO.  













Within the range of 5 to 10 wt.% H2O content, granitic magmas are also able to crystallize 
another accessory mineral phase, epidote. It is widely recognized (Zen & Hammarstrom, 1984a, 
1984b; Zen, 1985; Schmidt & Thompson, 1996) that epidote in silicic melts crystallizes as last 
mineral, and only at determined pressure, that is, above 0.6 GPa. Thus the lack of epidote is able to 
give important indications about the final depth of magma emplacement and crystallisation. 
However, the presence of epidote reflects also magma composition, water content and oxygen 
fugacity (i.e. NNO oxygen buffer) (Brandon et al., 1996; Schmidt & Poli, 2004).  
Epidote is widespread in metaluminous, I-type sensu latu granitoids (i.e. Sial et al., 1999) 
but it is truly rare that these plutonic rocks include also garnet. Crystallization experiments of 
Schmidt & Thompson, (1996) indeed indicate that both minerals are stable together at relatively 
high pressure conditions, above approximately 1.2 GPa, that is between 32 and 36 km of depth 
(considering a density between 2.7 – 3.1 x 103 kg/m3; i.e. Rudnick & Fountain, 1995). From a 
literature revision and from Zen & Hammarstrom, (1984a, 1984b), Zen (1985), Evans & Vance 
(1987), Dawes & Evans (1991), Nalini (1997), Sial et al. (1999), Schmidt & Poli, (2004), Xu et al. 
Figure 1.1. Experimental pressure and temperature field stability for garnet and 
epidote crystallizing from metaluminous magmas. Grt: garnet; Ep:_epidote. 3% and 
5% in G92 indicate that water was added at the experimental starting material. G92: 
Green (1992); S93: Schmidt (1993); ST96: Schmidt & Thompson, (1996); AP09: 
Alonso-Perez et al. (2009). 
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(2013), Samadi et al. (2014) and more recently from Pribavkin et al. (2013) only 4 locations have 
evidence for the rare coexistence of magmatic garnet and epidote, within the same mineralogical 
assemblage. One of these locations is the Araçuaí orogen, in which the I-type metaluminous 
Galiléia granitoids - also called Galiléia batholith - beside the typical biotite and hornblende 
assemblage, these rocks contain also garnet and epidote as accessory minerals (Nalini, 1997).  
1.1.3 Two main geochemical models for the I-type granitogenesis 
1.1.3.1 The mantle – crustal magma mixing model 
I-type granitoids are not “pure magmas”, but have a hybrid geochemical signature 
suggesting that both mantle- and crustal-derived magmas, in variable proportion, contributed to 
shape their chemical composition (DePaolo 1981; McCulloch & Chappel, 1982; Castro et al., 
2010). This isotopic heterogeneity together with the fact that generally I-type granites crop out in 
subduction-related setting such as those along the Cordilleran margins have generated an misuse of 
the alphabetic classification proposed by Chappell & White, (1974). The inconsistent use of the 
term I-type granite creates a circular misunderstanding regarding  the relationship between the rock-
source, the chemistry of the granite, the processes that shaped the magmatic composition and the 
tectonic settings (Pankhurst et al., 1999; Parada et al., 1999; Harvé et al., 2007; Lee et al., 2007; 
Castro et al., 2010; Clemens et al., 2011; Castro 2013; Clemens & Stevens, 2016).  
The main models used to explain the petrogenesis of these subduction-related I-type granites 
are the so-called MASH model (i.e. mixing, assimilation, storage and homogenisation) (Hildreth & 
Moorbarth, 1988) and/or the Deep Crustal Hot Zone (DCH; Annen et al., 2006; 2008; 2015). The 
MASH model assumes that silicic magmatism basically originates from mantle-wedge-derived 
basaltic to andesitic magmas that, once emplaced at the base of the continental crust (i.e storage), 
are able to assimilate and/or partially melt the surrounding crustal rocks to produce crustal magmas 
whose composition is similar to I-type magmas (DePaolo, 1981; Patiño-Douce, 1995; Thompson et 
al., 2002). The Deep Crustal Hot Zone (DCHZ) model is similar to the previous one but it focus on 
the deep lower crust where numerous basaltic sills are able to intrude. These multiple intrusions 
generate mafic to intermediate melts by the re-melting of former mafic intrusions. The release of 
heat and fluid by crystallization causes partial melting of the surrounding country rocks with the 
production of crustal melts. Thus, mantle and crustal magmas mix in these zones for long enough to 
produce large volumes of hybrid magma (Annen et al., 2006; 2008; 2015).   
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Despite their wide acceptance, these models fail to explain three important aspects of I-type 
granites. i) They do not account for the generally broad Sr and Nd isotopic variability (Fig. 1.1), 
associated with a rather homogeneous major element character (SiO2 = 63 – 70 wt.%; FeOTot 2 – 5 
wt.%, MgO 1 – 3 wt.%, CaO 3 – 5 wt.%, Na2O 2 – 4 wt.% and K2O 2 – 4 wt.%; Castro et al., 
2010). ii) Especially for the MASH model that is more stationary than the DCH, the incorporation 
of solid wall rocks (i.e. assimilation) and/or during magma ascent is severely limited by the energy 
required to melt xenoliths (Glazner, 2007). This process appears to be self-limiting since the energy 
consumed by the mantle-derived magmas in assimilating the surrounding crustal rocks leads to a 
temperature drop, causing higher crystal contents in the hybridizing magma thus limiting further 
assimilation. Additionally, iii) fluids released from the mafic magma crystallization that cause fluid-
fluxed partial melting of the surrounding crustal rocks (Annen et al., 2006) provoke a negative 
volume change (i.e. increase of magma density) in the generated crustal magma thus making it 
impossible to escape from the source (i.e. Clemens & Droop, 1998; Clemens & Stevens, 2015).  
 




1.1.3.2 The peritectic entrainment model. 
Recently Stevens et al. (2007), Clemens et al. (2011) and Clemens & Stevens (2012; 2016) 
proposed an alternative model. They propose that the chemical variability exhibited by S- and I-
type granitic suites is controlled by the different degree of peritectic mineral assemblage entrained 
in the magma during the partial melting process. In the case that the source is an Al2O3-rich 
metasedimentary rock, the fluid-absent melting of biotite, produce a peritectic assemblage mainly 
constituted by garnet, ilmenite, and ± k-feldspar. This assemblage once entrained in the magma is 
responsible for the production of S-type granitoids. Instead, if the source is formed by immature 
greywackes and/or volcanic and plutonic rocks having andesite affinity, the dehydration melting 
involves also the presence of hornblende besides biotite, and the peritectic minerals will be, 
Figure 1.2 Example of 87Sr/86Sr vs. 143Nd/144Nd mantle-crust hybrid signature shown by some South 
American Cordilleran I-type batholiths; black thick dotted line is the mixing curve (modified from 
Castro et al., 2010). The colour of the names in legend is relative to the field covered within the 
diagram; DMM: Depleted Mantle Morb; CVZ: Central Volcanic Zone; SVZ: Souther Volcanic zone. 
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clinopyroxene (playing a major role), plagioclase, ilmenite and orthopyroxene. The resulting melts 
will be I-type Al2O3-depleted with the more mafic melts derived by mixing of melts and peritectic 
assemblage, while leucocratic melts derive directly from crustal anatexis. This model has two 
important implications: 1) it can explain the puzzling problem of invariant major element 
compositions with highly variable isotopic signature (both mantle and crust-derived); and 2), I-type 
granitic magmatism reflects to the recycling of the continental crust during continent-continent 
collision, where lithospheric subduction is not involved. With reference to the second point, 
Clemens & Stevens, (2016) pointed out that most of the voluminous granitic magmatism is not 
directly related to subduction zone settings, that is, atop the subducting slab, but in more distal 
settings. For example, the I- and S-type granites of the Lachlan Fold belt were produced in a back-
arc scenario. Likewise, Clemens et al. (2017a and references therein) reports that many other 
extensive batholiths were produced from, and intruded into accretionary wedge sequences 
constituting the foreland domain of a collisional system. These settings are geological areas for the 
deposition of fertile (volcano)clastic material derived from the erosion of continental arc. Once 
subjected to suitable P-T conditions, this fertile material undergoes partial melting and is able to 
deliver voluminous quantities of felsic magmas. 
1.2 AIMS OF THE PROJECT 
During the Neoproterozoic, the Brasiliano/Pan-African orogeny was responsible for the 
build-up of the Araçuaí-West Congo orogen as the consequence of the closure of the Macaubas 
Basin and the related westward-subduction of oceanic lithosphere. This process triggered the 
production and emplacement of pre-collisional (ca. 630 - 585 Ma) metaluminous I-type Galiléia 
granitic magmatism, belonging to the G1 Supersuite. Notably the Galiléia granitoids cover an area 
of more than 15,000 km2. Because the strong geological implication that assumes the study of these 
Cordilleran-I-type granitoids, and most importantly the petrogenetic and geodynamic meaning for 
the rare coexistence of garnet and epidote in these rocks, the aims of this project are the following.   
1) Investigate the nature and the origin of garnet and epidote in the Galiléia granitoids.  
The origin of garnet and epidote remains a debated topic in granite petrogenesis. While 
epidote could be either magmatic or metamorphic, garnet could be: 1) a peritectic mineral due to 
incongruent melting of biotite in the source or during wall rock assimilation (Erdmann et al., 2009; 
Lackey et al., 2012; Melo et al., 2017a, 2017b), 2) a crystal phase in  the source not involved in the 
partial melting event (resistate crystal; Vernon 2007), 3) a xenocryst from the wall rocks 
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incorporated during magma ascending and emplacement (Clarke, 2007), 4) a product of primary 
crystallization (Allan & Clarke, 1981; Miller & Stoddard, 1981; Harrison, 1988; Dalquist et al., 
2007; Villaros et al., 2009; Barnes et al., 2012; Lackey et al., 2012) 5) a metamorphic mineral 
growth from very high pressure conditions that the rock experienced (Vielzeuf & Schmidt, 2001).  
To answer at these questions, the review of natural and experimental scientific contributions 
concerning garnets and epidotes in granitoids will give a better knowledge of: i) their pressure-
temperature stability within intermediate to silicic melts, ii) the pressure, temperature and 
petrogenetic meaning for their interplay in silicic rocks like the Galiléia granitoids and eventually 
iii) since this mineral assemblage is reported in metaluminous granitoids thus it means that it is 
possible also understand better what geotectonic situation(s) within the Araçauí orogen allowed 
such petrological conditions. 
Once these questions have been answered, part of these will be able to serve the key(s) to 
solve other open debates.   
 2) Why the Galiléia granitoids record a protracted and vast granitic magmatism lasted over 
a period of 55 Myrs (from ca. 630 to 575 Ma)?   
The prolonged granitic magmatism so far reported for these granites is at odds with the 
general belief that mid- to upper crustal granitoids emplace and crystallize in less than 10 Myr 
(Coleman et al., 2004; Schartegger et al., 2009; Shoene et al., 2012; Miller et al., 2011; Barboni et 
al., 2013 and references therein). Morevover in literature (for instance Fig. 6 and table 2 in Pedrosa-
Soares et al., 2011) it appears that each single hand sample have concordant zircons recording the 
same age variability (ca. > 60 Myrs) suggested using different samples (> 40 granitoid samples). 
The answer to these paradoxes must be found. Additionally, the long-lived history of the Galiléia 
granitoids is not dissimilar from i) plutonic rocks intruding accretionary prism and back-arc settings 
and ii) mid- to lower-crustal Precambrian plutonic rocks found in similar accretionary settings 
and/or cratonic nuclei terrains (Farris et al., 2010; Sharkov, 2010; Jeon et al., 2012; Farina et al., 
2015; Jiang et al., 2016; Clemens et al., 2017 and others).  
3) Were mantle-derived magmas involved in the genesis of the Galiléia magmas and 4) was 
there crustal growth during the G1 I-type genesis or just crustal recycling (Pedrosa-Soares et al., 
2001, 2011; Gonçalves et al., 2014, 2016, 2018; Tedeschi et al., 2016)?  
If mantle magmas were involved in the genesis of the G1 granitoids, the subduction of 
oceanic lithosphere could truly have produced the G1 granitoids, despite their strong high K2O/N2O 
content and crustal signature (i.e. high radiogenic Sr and unrodiogenic Nd and Hf values, see later). 
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Thus the long-lived history of the Galiléia granitoids indeed could be explained by MASH/DCH 
zones models. In contrast, if the magmatism was controlled only by pre-existent crustal protoliths, 
then another mechanism for the production of such and prolonged voluminous granitic magmatism 
must be found. Whatever would be the answer, the nature of the protolith involved in the genesis of 
the Galiléia granites would be likely understood. Then answering correctly the third point would 
automatically lead to answer the question at the fourth point.  
To address the questions at points 2), 3) and 4) detailed U-Pb geochronological and Lu-Hf 
isotopic study on carefully selected Galiléia granitoids and relative zircons is planned. Detalied 
zircon trace element analyses will be also perfomed. Furthermore as for the fist point, a review of 
time span of magmatism in different settings, at different crustal depths and relative duration of it is 
necessary. Thus comparison between young and upper crustal magmatism versus old and mid- to 
lower crustal plutonism would possibly highlight a geochronological bias caused by the geological 
record and so far poorly reported. Thus the Galiléia granitoids could be a starting point to 
understand better why old silicic magmatism appear to have time spans bigger than generally 
reported. 
1.3 LOCALIZATION OF THE STUDY AREA 
The study area is localized within the Minas Gerais State, between the cities of Governador 
Valadares and Resplendor, and covers almost 4,000 km2. Other main and small cities included in 
the area are: São Vitor, Linopolis, Divinos das Laranjeiras, Sapucaia do Norte, Galiléia, 
Conselheiro Pena, Penha do Norte, Independencia, João Pinto, São Roque, Barra do Cuite, 
Tumiritinga, Cuieté Velho e Divino. The area is well represented within the following geological 
maps: Governador Valadares (SE.24-YA-IV), Itabirinha de Mantena (SE.24-Y-A-V), Conselheiro 
Pena (SE.24-Y-C-I) and Itanhomi (SE24-Y-C-I). The scale adopted is 1:100000 and these maps 
were mapped by the CPRM and/or as a collaboration project between CPRM and UFMG.The 
Galiléia batholith extends approximately from north at the parallel 17°90” S, above the city of 
Teofilo Otoni, till the south, around the 21°75” S parallel, close to the city of Juiz de Fora. Some 
intrusions belonging to the Galiléia granitic magmatism occur also further to the north around the 
16°00” S (Gonçalves et al., 2016). The batholith is generally confined to the area between the 
42°60” and 41°40” W meridians. In general, it covers a minimum area of ca. 15,000 km2 with a 
general N-S direction (> 300 km long and > 50 km wide). These main road pass through main cities 
as Ponte Nova, Caratinga, Inhapim, Governador Valadares and Conselheiro Pena (Fig. 1.3).   
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Figure 1.3: Map with the localization of the main roads used to get the study area. Modified from Google Maps. 
 
1.4 METHODS 
1.4.1 Literature review 
The papers that I have considered in this literature review address the following broad 
themes: 
 the geology of the area comprised between the São Francisco Craton and the Congo Craton, 
focussing on the Araçuaí-West Congo orogen. The period spanning from the Rodinian 
rifting stages (ca. 1.0 Ga), until the end of the Brasiliano Orogeny was investigated, with 
special attention to the geological and geotectonic events occurred during the pre-collisional 
period, which led to the genesis and emplacement of the I-type G1 granitoids;  
 the field occurrence, the mineral and textural features, the major and trace element 
variability, the isotope signature as well as the age of I-type G1 granitoids which are the 
focus of this study;  
 another issue considered for this project, and directly correlated with granite petrogenesis 
and geochronology, is the study of the petrogenetic models adopted for the genesis of I-type 
granitoids, occurring along the Cordilleran margin, from Alaska to the Antarctica Region, as 
well as in continental-continental collision. This part aims to understand the physical and 
chemical aspects of granitoid rocks, through natural and experimental data regarding the 
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mineralogical and textural relationships, and their control on major and trace elements. 
Since the G1 granitoids have rare occurrence of garnet in coexistence with epidote, more 
attention has been giving to literature that deals with: 1) the stability of these two specific 
minerals within Al-poor intermediate to acidic melts, 2) the possible textures that could help 
to identify their different forms, and 3) their petrogenetic significance. Moreover isotopic 
and geochronological studies reviewing and their possible applications on granite 
petrogenesis, have been reviewed, as well.  
 1.4.2 Field work 
Since the study area is vast (ca. 4000 km2), a few weeks were spent planning the field work 
and plotting previously collected data from Nalini (1997), Paes (1999), Feboli (2000), Feboli & 
Paes (2000), Oliveira (2000) and Paes et al. (2010), Mondou et al. (2012) and Gonçalves et al., 
(2009, 2014) on  a map. Using the Google Earth Software, this pre-field work has provided an 
invaluable tool: that is to individuate, once in the field, the main outcrops avoiding those which are 
weathered. The area investigated occurs between Governador Valadares and Resplendor Cities. So 
far three field campaigns were performed.  
Field campaign 1 (07 - 12/12/2013, 5 days). The main areas covered were along the BR-259 
and BR-381 roads, i.e. Governador Valadares, São Vitor, Galileia, Conselheiro Pena, Penha do 
Norte and Independecia. In this field work 23 samples of granitoids and 4 enclaves were collected. 
One migmatite associated with the São Vitor granitoids was also observed and sampled. 
Field campaign 2 (10 – 19/12/2014, 9 days). The main areas investigated, were 1) between 
Conselherio Pena, João Pinto and São José do Ituieto Cities, 2) between Conselherio Pena, Barra 
do Cuiete and Tumiritinga Cities and 3) Between São Vitor, Central de Sant’Helena, Linopolis, 
Divino de Laranjeras, Sapucaia do Norte and Galiléia. In the second field campaign, 18 samples 
(mainly granitoids and few enclave) were collected.  
Field campaign 3 (16 – 21/08/2016, 5 days). This was the last field campaign scheduled. 
Was attained between Conselheiro Pena and Cuieté Velho areas, right to the south of the Rio Doce 
River. This sampling activity was scheduled in order to sample rocks that Mondou et al. (2012) 
have previously dated but for which no geochemical data was reported. Moreover this period 
helped to have a better and clear “image” about the granitoids around that area. In total 7 granitoids 
and 1 enclave were collected.  
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1.4.4 Sample analyses 
1.4.4.1 Thin sections 
From a total of 50 samples 22 (granitoids and enclaves) thin sections were prepared. Thin 
sections were prepared at the Department of Geology of the Federal University of Ouro Preto. Thin 
sections have been used to give as much as possible detailed interpretation of the São Vitor and 
Galiléia granitoid rocks. Moreover a special attention was given to the more important minerals so 
far discussed, that is, garnet and epidote. Petrographic investigations on these minerals had the 
meaning to understand their genesis and their textural relationships.  
1.4.3.2 Mineral chemistry and whole-rock geochemistry 
Mineral chemistry was done by means Scanning Electron Microprobe (SEM) at the 
Department of Earth Science of the University of Stellenbosch, South Africa. Chemical analyses 
were carried out especially on garnets and epidotes, beside plagioclase, biotite and hornblende. 
From the 50 samples chosen for the thin section, 29 were crushed and powdered at the 
Department of Geology of the Federal University of Ouro Preto and sent to the Department of Earth 
Science of the University of Stellenbosch (South Africa) to determine the major and trace element 
composition by X-Ray Fluorescence (XRF) instrumentation.  
1.4.3.3 U-Pb geochronology 
From the 50 samples used for whole-rocks geochemistry, 18 have been crushed and 
prepared for U-Pb zircon geochronology. One of these samples comes from the new migmatitic 
outcrop associated to the São Vitor granitoids. Sample preparation was conducted at the Department 
of Geology of the Federal University of Ouro Preto. Once crushed to mineral scale, the sample had 
their magnetic minerals removed (usually Fe-Ti-Mg-rich ones), by means magnetic separation. 
After this stage, 50 - 100 zircons grains are hand-picked and mounted in epoxy-resin disk. The 
zircons are then imaged using cathodoluminescence imaging using a scanning electron microscope 
at the Department of Earth Science of the University of Stellenbosch (South Africa). Subsequently, 
U-Pb zircon ages were obtained using the ELEMENT TM 2 ICP-MS, made available by the 
LOGPAGE/AIR Group of the Department of Geology of the Federal University of Ouro Preto. 
Furthermore, it will be performed also in-situ U-Pb ages in few zircons inclusions in the magmatic 
garnets. Additionally, zircon from two already dated samples, were again handpicked and chosen to 
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be dated by means high-precision multi-collector LA-ICP-MS at the Department of Geology of the 
Federal University of Ouro Preto.  
1.4.3.4 Lu-Hf method  
Lu-Hf isotope will be measured on the same zircons that were used to obtain LA-ICP-MS 
U-Pb ages. This will be on the new facility, NEPTUNE PLUS high-performance Multi-collector 
ICP-MS made available by the LOGPAGE/AIR Group of the Department of Geology of the Federal 
University of Ouro Preto.  
1.4.3.5 Oxygen isotopes 
Oxygen isotopes were measured on garnet and quartz. These minerals were handpicked 
from 7 samples (6 granitoids and 1 enclave) samples in which previously mineral chemistry, whole 
rock and U-Pb ages and Hf isotopes have been analysed. In order to separate mineral inclusions 
from the garnet crystals, these were crushed. Overall, a quantity of 2 mg for each mineral is 
required. Oxygen isotopes in minerals were measured at the Department of Earth Sciences, 
University of Cape Town, South Africa using the laser fluorination method which uses a 20 W New 
Wave CO2 laser mounted on a movable stage.  
1.4.4 Scientific contributions and future works 
1. The first scientific work was focussed on the occurrence of garnet and epidote in the G1 
granitoids. These mineral phases are uncommon in metaluminous I-type granitoids and may 
be both peritectic, metamorphic or magmatic. The backbone of this study was the detailed 
study in thin sections of the petrography of the rock. The petrography was coupled with 
mineral chemistry analyses. The whole rock was discussed as well.  
2. The aim of the second scientific contribution is to try to give a better explanation for the 
wide U-Pb ages so far obtained from other workers, determine if different intrusion/plutons 
with different ages may be identified as well as to detect possible inherited cores in the 
zircon population. Zircon trace elements will play a fundamental role in understanding 
internal magma chamber processes (i.e. mixing, magmatic zircon recycling, magma 
fractionation etc.). The Hf isotopic composition of zircon will also be determined. Applied 
in granitoid studies, this systematic have the power to discern the granitic sources, from that 
having deep crust origin, from that having upper mantle derivation. It is hence able to 
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individuate crustal recycling or juvenile crust production, that otherwise would be hidden 
using just major and trace elements (see for example Castro et al., 2010).  
A third and fourth contribution are scheduled to be written during year 2018. 
3. The recognition that the Galiléia garnets are magmatic crystallized in metaluminous 
granitoids and indicating a deep origin, opens new windows in understanding metaluminous 
granite petrogenesis. These findings allow studying these garnets and then their felsic host 
using new petrologic tools, like oxygen isotopes. Information of these isotopes in non-
metamorphic garnets belonging to granites are scarse. The few available data are related 
only to peraluminous granites where garnets is commonly found. Then, since garnets have 
high closure temperature for oxygen diffusion (> 800°C), oxygen isotopes in garnets are of 
potential significance because δ18O will not change its value after crystallization, thus 
oxygen isotopes could be correlated with that of the granitic magma source. Oxygens were 
measured in quartz, because the coupling the δ18O of these minerals with that one of garnets 
is a strong geothermometer able to give information about coexistence between minerals and 
open and/or closes magma systems. Fluid related processes (i.e. fluid present melting and/or 
internal magma fluid circulation) are able to be investigated. Eventually, garnet trace 
elements will be measured as well. This allow us to understand the geochemistry of the melt 
from which these garnets crystallized with the possibility to understand better some 
petrogenetic processes that otherwise will remain cryptic. 
4. Peraluminous Urucum and Palmital S-type granitoids (Nalini 1997; Nalini et al., 2005; 
2015) have been found showing the same age and Hf variability of the Galiléia 
metaluminous granitoids. Besides confirming that these I- and S-type granites in the central 
part of the Crystalline core have an isotopically similar source (Nalini et al., 2005), this fact, 
once more, rise the fact that both are contemporaneous and thus there is no evidence neither 
in age nor in geochemisty for different steps in the geodynamic evolution of the Arçuaí belt. 
That is, there no need to call for pre and syn-collisional granites 
1.5 STRUCTURE OF THE THESIS 
 This theis addresses important geological and petrological aspects of the Galiléia batholith. 
This work includes field, petrographic, mineral chemistry, geochemical, geochronological and 
isotopic data. The obtained outcomes offer important aspects regarding the genesis and evolution of 
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lower crustal I-type granitoids formed during subduction-related processes. The document is 
structured as follows: 
 Chapter 1 introduce some of the main concepts regarding I- and S-type granite 
classification and I-type granite petrogenesis, the aims of the project, the localization of the area and 
the methodology used along this work.  
 Chapter 2 discusses in detail the geology of the Araçuaí Orogen and the tectonic models 
adopted to explain the evolution of this orogenic belt.  
 Chapter 3 offers a detailed review about the field, geochemical, geochronological and 
isotopic data so far published for the Galiléia granitoids and compares these data with those from 
other well-studied I-type batholiths form other parts of the world. 
 Chapter 4 hosts the manuscript “Magmatic garnets in cordilleran-type Galiléia granitoids of the 
Araçuaí belt (Brazil): evidence for crystallization in the lower crust”. This manuscript discusses the 
widespread occurrence of magmatic garnet and epidote in the Galiléia granitods, a rare mineral parageneses 
in I-type granitoids. It is discussed the petrological meaning of these two minerals trough field, textural, 
mineral chemical and geochemical data. It is shown as the Galiléia batholith, together with few other similar 
granitoids is related to lower crustal crystallization in an old accretionary prism.  
 Chapter 5 host the manuscript “Extreme U-Pb age variability in a Neoproterozoic, lower crustal 
batholith: implications for magma storage in an accretionary prism”. This paper reports zircon trace 
elements, U- Pb ages and Hf isotopes and whole rock geochemical data. Here it is investigated the possibility 
that lower crustal granitoids found in accretionary prism and fore to back-arc settings record a more long-
lived history than the shallower counterparts found atop of subduction zone. These data are also supported by 
comparison with ages from older and younger granitic bodies found in different tectonic settings.  
 Chapter 6 addresses and summaries the main conclusions of this project achieved through the two 
manuscripts.  
 Appendix includes detailed description of the methods used during this research and the 
tables hosting data of mineral chemistry, whole rock geochemistry, zircon trace elements, U-Pb 
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CHAPTER 2 
THE GEOLOGY OF THE ARAÇUAÍ-WEST CONGO OROGENIC BELT 
2.1 GENERAL GEOLOGY 
Before the Cretaceous rifting that between 132 to 100 Ma opened the southern part of the 
Atlantic ocean (e.g. Torsvik et al., 2009), the Araçuaí-West Congo (AWC) orogen (Fig. 2.1a) was 
an orogenic block surrounded to the west, north and east by the São Francisco - Congo Craton 
(Pedrosa-Soares & Wiedemann-Leonardos, 2000; Pedrosa-Soares et al., 2001, 2008, 2011, Alkmim 
et al., 2006; Pedrosa-Soares & Alkmim, 2011). This orogen formed during the Brasiliano/Pan-
African Orogeny, a series of events that between the Neoproterozoic and early Paleozoic (640-520 
Ma) led to the complete amalgamation of West Gondwana (Trompette, 1994, 1997, 2000; Brito-
Neves et al., 1999; Almeida et al., 2000; Pedrosa-Soares et al., 2001, 2011; Alkmim et al., 2006). 
Contemporary other orogenic belts formed on the Atlantic side of both the South American and 
African cratons. Along the Brazilian eastern coast occurs the southern continuation of the Araçuaí 
orogen, the so-called Ribeira orogen which continues to the south as the Dom Feliciano orogen 
(Fig. 2.1b). Importantly, these orogens together form the Mantiqueira Province (da Sivla et al., 
2005). On the African side from north to south there are the West Congo Belt, western flank of the 
AWC orogen, followed by the Kaoko, Damara and Gariep belts (Porada, 1989; Pedrosa-Soares et 
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Figure 2.1: The Araçuaí-West Congo orogen. In a) location (black square) of the AWC orogen during the 
complete amalgamation of the West Gondwana; b) Distribution of the various orogens in both of the Atlantic 
sides. The Araçuaí and the West Congolian Belt as well as the São Fracisco-Congo Craton and the Bahia-Gabon 
Bridge (black arrow) are also shown. DF: Dom Feliciano orogen; R: Ribeira Orogen; K: Kaoko orogen; D: 
Damara orogen; G: Gariep belt (modified from Pedrosa-Soares & Alkmim, 2011). 
 
2.2 ARCHITECTURE OF THE ARAÇUAÍ OROGEN 
The Araçuaí orogen, represents about two thirds of the AWC orogen (Figs 2.1 and 2.2). This 
orogen occurs between the eastern border of São Francisco Craton and the eastern coast of the 
Atlantic Ocean, with its northern and southern limits drawn between the 15° and 21° latitude, 
respectively (Fig. 2.2; Pedrosa-Soares & Wiedemann-Leonardos, 2000; Pedrosa-Soares, et al., 
2001, 2011; Heilbron et al., 2004; Alkmim et al., 2006; 2017; Pedrosa-Soares & Alkmim, 2011). 
The northern boundary ends at the northern lobe of the São Francisco Craton, while the southern 
limit is marked by a NE deflection of the general NNE structural trend characterizing the Araçuaí 
belt (Pedrosa-Soares & Wiedemann-Leonardos, 2000). This orogen has been tectonically 
subdivided into the Araçuaí belt and Crystalline core (Fig. 2.2b) (Alkmim et al., 2017 and 
references therein). Some authors (Pedrosa-Soares and Wiedemann-Leonardos, 2000; Pedrosa-
Soares et al., 2001) also subdivide the Araçuaí orogen in external and northern domain, whereas 
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they refer to the Crystalline as the high grade internal domain. According to Alkmim et al. (2017), 
the Araçuaí Belt is a N-S trending fold and thrust belt, juxtaposed over the eastern border of the São 
Francisco Craton by west-verging thrusts and made up of units showing greenschist to lower 
amphibolite facies metamorphism (Fig. 2.2c) (Pedrosa-Soares & Wiedemann-Leonardos, 2000; 
Heilbron et al., 2004; Pedrosa-Soares et al., 2001). The high grade internal domain is the 
Crystalline core of the orogen, recording the highest metamorphic grade and characterized by the 
widespread occurrence of granitic rocks. In the northern domain, both the tectonic features of the 
two former domains occur and are characterized by an E-W curvature direction. In this area the 
metamorphic grade increases from greenschist to upper amphibolite facies from north to south, and 
a northward thrusting system is present (Pedrosa-Soares & Wiedemann-Leonardos, 2000).  
 
Figure 2.2: The Araçuaí orogen. (a) Localization of the Araçuaí orogen in SE Brazil; (b) subdivision of the 
Araçuaí orogen in Araçuaí belt and Crystalline core; (c) geotectonic map of the Crystalline core; the green 
ellipsoids represent the location of the ophiolitic slivers (modified after Pedrosa-Soares & Alkmim, 2011 and 
Alkmim et al., 2017). 
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Based on deformation history, shear sense and structural style Alkmim et al. (2006) 
proposed an alternative subdivision of the AWC (Fig. 2.3). These authors identified the following 
ten domains.  
1-The Serra do Espinhaço Fold-Thrust Belt is a 700 km N-S west-verging structure, fringing 
the eastern side of the Sao Francisco Craton and containing rocks from the Archean basement, the 
Espinhaço Supergroup and the Macaúbas Group.  
2-The Chapada Acauã shear zone (Marshak et al., 2006) shows that the relative plateau with 
an area of 50 km wide and 150 km long on the eastern side of the Serra do Espinhaço and covered 
by lithologies belonging to Macaúbas Group is the hanging wall of this regional east-dipping shear 
zone.  
3- The Minas Novas Corridor is a 30 km wide and 150 km long hallway with dextral strike-
slip shear zone cutting the Macaúbas Group metapelites.  
4- The Rio Pardo Salient domain comprises a zone (latitude 16°S) in which the internal 
trend-lines of the Serra do Espinhaço Fold-Thrust Belt deviates in a regional-scale, convex-to- the 
foreland curve. This domain includes rocks of both the Espinhaço Supergroup and Macaúbas Group 
(Cruz & Alkmim, 2006). All together form the Paramirim Aulacogen, a N-NW-trending suture 
which is also the boundary between the north-eastern and southern lobe of the São Francisco 
Craton. This aulacogen formed when the Espinhaço rift was reactivated during the opening of the 
Macaúbas basin and was subsequently partially inverted during the Barsiliano orogeny (Cruz & 
Alkmim, 2006). In fact, the main reason for joining these two domains together is because in the 
southern portion of this aulacogen, the extensional structures were inverted during the Brasiliano 
orogeny, creating thrusts folds and folds associated with the Rio Pardo Salient domain.  
5- The Guanhães Basement Block is located south of the Serra do Espinhaço Fold-Thrust 
Belt. This domain, exposed over an area of ca. 35000 km2, is formed by Archean basement and 
Paloeoproterozoic meta-sedimentary units with granitic intrusions (1.75 Ga) with anorogenic 
affinities (e.g. Silva et al., 2008). The boundaries of the Guanhães basement block are defined by is 
surrounded by shear zones. The western margin is a foreland-west verging thrust that juxtaposes the 
Guanhães Block over the Espinhaço Supergroup; the south-eastern margin is delimited by the Dom 
Silvério shear zone that places the Rio Doce metapelites against the basement rocks. Finally, the 
northern margin is characterized by a shallowly dipping shear zone bringing the Macaúbas Group 
over the Guanhães Block.  
Stellenbosch University  https://scholar.sun.ac.za
28 
6- The Dom Silvério shear zone is ca. 100 km long and 4 km wide sinistral NNE-trending 
steeply dipping belt consisting of mylonitic rocks and terminating on the northern sector on the 
dextral strike-slip Abre Campo shear zone (Peres et al., 2004).  
7- The Itapebi shear zone is a NW-trending shear zone having a general dextral 
transpressive movement that delineates the northern limit of the Araçuaí Belt. It cuts the Archean 
basement, the Salto da Vista anorogenic granites and the Jaquitinhonha Complex.  
8- The high grade, internal zone is made up of granitoid rocks of the G1-G5 Supersuites 
(Pedrosa-Soares & Wiedemann-Leonardos, 2000; Pedrosa-Soares et al., 2011; Gonçalves et al., 
2014; 2016; 2018; Tedeschi et al., 2016; Alkmim et al., 2017) as well as of the Jequitinhonha and 
Paraíba do Sul paragneiss complexes (Dias Gonçalves et al., 2016). This internal zone is further 
subdivided into two structural subdomains (Alkmim et al., 2006). The northern subdomain 
(between 16° and 19°S) is characterized by SW vergence formed by shallowly- to moderately- 
dipping thrusts with a dextral strike-slip component (Pedrosa-Soares et al., 1992, 2001; Pedrosa-
Soares & Wiedemann-Leonardos, 2000; Heilbron et al., 2004; Pedrosa-Soares & Alkmim, 2011, 
Alkmim et al., 2006). In the western side of this subdomain remnants of ocean-floor mafic to 
ultramafic rocks (ophiolitic slivers) have been identified and interpreted as evidence of a 
Neoproterozoic subduction event (e.g. Pedrosa-Soares et al., 1992, 1998, 2001; Peixoto et al., 2013 
and references therein). The southern subdomain (S of 19°S), is characterized by granulite facies 
rocks and granitic plutons, and shows steeply-dipping dextral shear zones. These features have been 
related to the exhumation of the deepest crustal levels of the Araçuaí orogen (Pedrosa-Soares & 
Wiedemann-Leonardos, 2000; Pedrosa-Soares et al., 2001; Heilbron et al., 2004). In this domain 
the Abre-Campo shear zone represents a major geophysical and structural discontinuity, whose role 
and significance is still debated (cf. Alkmim et al., 2006). This shear zone marks the transition 
between the Araçuaí belt and the Crystalline core and was initially interpreted as Paleoproterozoic 
in age because it juxtaposes the Archean amphibolite facies Mantiqueira complex to the west with 
the granulite facies Paleoproterozoic Juiz de Fora Complex and Pocrane complexes to the east (i.e. 
Crystalline core) (Cunningham et al., 1998, Fischel et al., 1998; Brueckner et al., 2000; Noce et al., 
2007a, 2007b). North of the 19°S, the pre-collisional arc-related G1 granitoids lie just to the east of 
this tectonic suture, leading some workers (Cunningham et al., 1996, 1998) to consider the Abre-
Campo Shear zone as having been active during the Brasiliano Orogeny, because this tectonic 
evidence could suggest the shear zone is the closure suture of the oceanic portion of the Macaubas 
basin.   
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9- The West Congo belt defines an ENE-verging fold-thrust belt and it is generally believed 
to have been formed by the closure of the eastern portion of the Macaúbas basin (e.g. Alkmim et al., 
2006). Along this orogen the basement rocks were thrusted eastward over Neoproterozoic high-
grade metasediments (i.e. the Zadinian and Mayumbiam Group; Tack et al., 2001). These in turn 
were thrusted over the diamictites of the West Congolian Group characterized by greenschist facies 
metamorphism. Magmatism in this belt is related to the Rodinian rifting stages (1.0 – 0.9 Ga; Tack 
et al., 2001).  
 
Figure 2.3: Structural domains of the Araçuaí-West Congo orogen (From Alkmim et al., 2006). 
 
2.3 OVERVIEW ON THE STRATIGRAPHY OF THE ARAÇUAÍ OROGEN 
2.3.1 The Basement of the Araçuaí orogen 
Following the criteria proposed by Almeida et al. (1981) and subsequently adopted by 
Alkmim et al. (2006), in this section only the rocks older than 1.8 Ga will be described. 
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The basement crops out in the Araçuaí belt and Crystalline core (Fig. 2.2). In the former 
domain, basement is mainly composed of Archean tonalite-trondhjemite-granodiorite (TTG) 
gneisses and the remnants of greenstone belts. Paleoproterozoic rocks supracrustal and granitoid 
intrusions that record reworking processes during the Trans-Amazonian and the Brasiliano orogenic 
periods (Pedrosa-Soares & Wiedemann-Leonardos, 2000; Pedrosa-Soares et al., 2001; Alkmim et 
al., 2017 and references therein). In the Crystalline core, the Archean and Paleoproterozoic 
complexes crop out mainly south and to the east of the city of Conselhero Pena (S of 19°S). These 
complexes are composed of upper amphibolite- to granulite facies gneisses. Paleoproterozoic ages 
characterize the Juiz de Fora and Pocrane complexes (Pedrosa-Soares et al., 2001; Novo 2013; 
Gonçalves et al., 2014, 2018). Archean-Paleoproterozoic rocks are also present in the northern 
sector of the Araçuaí belt (Itabuna Complex). These rocks represent the Paleoproterozoic linkage 
between the São Francisco and Congo Cratons through the Bahia-Gabon bridge (e.g. Heilbron et 
al., 2004), occurred during the Trans-Amazonian Orogeny (see Fig. 2.1). 
2.3.2 Late Paleoproterozoic to Mesoproterozoic sequences 
In the Araçuaí orogenic belt, this time interval is almost totally represented by the Espinhaço 
Supergroup (Figs. 2.2 and 2.4). This Supergroup subdivided in nine Formations, represent a 
package of 6000 m made up of metasandstones, metaconglomerates, metapelites with subordinate 
occurrence of carbonates and metavolcanics, all of which experienced up to greenschist facies 
metamorphism (Danderfer et al., 2009; Chemale et al., 2012; Alkmim et al., 2017). These 
formations record mainly tree rifting events. Evidence of the first rifting event, the so-called 
“Espinhaço rift event” is preserved mainly in the Bandeirinha and São João da Chapada formations 
that comprise sandstones, pelites, conglomerates (Uhlein et al., 1998; Pedrosa-Soares et al., 2001; 
Alkmim et al., 2006; Pederosa-Soares and Alkmim, 2011; Chemale et al., 2012 and references 
therein) and bimodal volcanic rocks and granites with ages between 1.75 – 1.70 Ga (Machado et al., 
1989; Dussin & Dussin, 1995). The second extensional stage is preserved mainly at the northern 
part of the Espinhaço Range located roughly between the margin of the São Francisco Craton and 
the Paramirim Corridor (Fig. 2.2). This rift is characterized through the extrusion of alkaline to 
peralkaline trachyte at ca. 1.57 Ga (Danderfer et al., 2009). The third rifting Stage (see Alkmim et 
al., 2006 and reference therein), is recorded by a sedimentary sequence with alternating sandstones, 
pelites and carbonates (Uhlein et al., 1998; Pedrosa-Soares et al., 2000; Pedrosa-Soares and 
Alkmim, 2011) and by the presence of mafic dyke swarms cutting the older Espinhaço Formations. 
These basaltic dykes have tholeiitic affinities (De Min et al., 2005) and crystallization ages between 
ca. 1.1 to 0.85 Ga (Machado et al., 1989; Danderfer et al., 2009) are found mainly along the eastern 
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border of the São Francisco Craton and represent the separation between the São Francisco Craton 
and the Congo Craton.  At the same time (ca. 875 ± 9 Ma) emplacement of A-Type granites of the 
Salto da Divisa suite occurred. Consequently, south of 18°S, this rift stage culminated with the 
Macaúbas rifting phase which created a narrow ocean basin, the so-called Macaúbas basin, filled by 
volcano-glacio-sedimentary material (i.e. Macaúbas Group) (e.g. Alkmim et al., 2006; 
















Figure 2.4: Stratigraphic column for the Espinhaço Supergorup in the Araçuaí belt (From Pedrosa-Soares & 
Alkmim, 2011). 
 
2.3.3 Neoproterozoic rift-related rocks successions 
The Macaúbas Group (Fig. 2.2 and 2.5) is a rock succession (up to 10 km thick) 
characterizing the external portion of the Araçuaí orogen (i.e. Araçuaí belt). It shows proximal 
deposits containing both non-glacial and glacial deposits, with minor occurrence of basic volcanics 
all of which have been metamorphosed at greenschist facies (Pedrosa-Soares et al., 2001; Alkmim 
et al., 2006; Pedrosa-Soares & Alkmim, 2011). This group it is divided in three major succession 
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(Fig. 7): 1) non-glacial succession comprising the Matão, Duas Barras, Capelinha, Planalto de 
Minas and Rio Peixe Bravo Formations, 2) the glacial-bearing diamictite-rich rocks of the Serra do 
Catuni, Nova Aurora and Lower Chapada Acauã Formations and 3) the post-glacial diamictite-
bearing Upper Chapada Acauã and the Ribeirão da Folha formation (Kuchenbecker et al., 2015; 
Souza et al., 2017 and references therein). The Chapada Acauã Formation consists of the Rio Preto, 
Mato Grande and Posses Member (c.f. Pedrosa-Soares & Alkmim, 2011). Notably, the Ribeirão da 
Folha formation hosts slices of oceanic meta-mafic and meta-ultramafic rocks representing a 
tectonically dismembered ophiolite complex (Pedrosa-Soares et al., 1992, 1998, 2001, Queiroga et 
al., 2007; Pedrosa-Soares and Alkmim, 2006). A U-Pb zircon age from one of these ophiolites gave 
an age of ca. 600 Ma (LA-ICP-MS U-Pb age on zircon Queiroga 2010) while an associated 
plagiogranite yielded an age of 660 ± 29 Ma (LA-ICP-MS U-Pb age on zircon; Queiroga et al., 
2007). These data are interpreted as the evidence of ocean spreading between 660 to 600 Ma.  
Recently, Kuchenbecker et al., (2015) contributed in understanding the initial and final 
depositional history of the Macaúbas Group. The history of this group would start around 930 Ma to 
































Figure 2.5: Stratigraphic succession for the Neoproterozoic rift-related, pre-and orogenic-related rocks units. For the 
Macaúbas Group: 1) rift-related mafic volcanic rocks; 2, conglomerates; 3, diamictites; 4, sandstones; 5, pelites; 6, carbonate 
rocks; 7, glaciogenic iron formation; 8, sulphide-bearing cherts and diopsidites with massive sulphide bodies, and banded 
iron formations (volcanic-exhalative rocks); 9, mafic and ultramafic rocks of ophiolite slivers; 10, greywacke–pelite 
association; 11, detrital iron formation; 12, dropstones.  (From Pedrosa-Soares & Alkmim, 2011, modified). 
 
2.3.4 Neoproterozoic pre-and orogenic-related rocks units 
The so-called Rio Doce Arc, located in the internal part of the Araçauí orogen (Pedrosa-
Soares et al., 2008) comprises igneous, volcanic and metasedimentary rocks representing the four 
main orogenic stages named pre-collisional (c. 630 – 585 Ma), syn-collisional (c. 585 – 560 Ma), 
late-collisional (c. 560 – 530 Ma) and finally post-collisional (c. 530 – 480 Ma), are those 
identifying igneous rocks represented by granitoid stocks and batholiths with I- and S-type affinity 
were emplaced (Fig. 2.2 and 2.5) between the late Neoproterozoic and the end of Cambrian 
covering an area of approximately 450 km long and 250 km wide (e.g. Pedrosa-Soares et al., 2011). 
This long lasting granitoid magmatism has been divided into five Supersuites (from G1 to G5). 
According to Pedrosa-Soares et al. (2001; 2008; 2011) the I-type G1 Supersuite formed during the 
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pre-collisional, oceanic subduction-related phase, whereas the S-type granite-dominated G2 
Supersuite (cf. Pedrosa-Soares & Alkmim, 2011; Gardim et al., 2015; Melo et al., 2017a; 2017b) is 
assigned to the syn-collisonal stages. The S-type G3 granitoids formed during the transition 
between the syn-collisonal and late-collisional periods (ca. 545 – 525 Ma) (when the orogenic 
collapse took place). The S-type G4 and I-type G5 Supersuite are interpreted as being post-
collisional, related to the gravitational collapse of the orogen (Pedrosa-Soares et al., 2011; De 
Campos et al., 2016). 
2.3.4.1 The Rio Doce mesedimentary Group 
Since this project is aimed to gain a better understanding of the pre-collisional I-type 
granitoids of the G1 Supersuite, a detailed description and state of the art of these rocks will be 
presented in Chapter 3.  
Contemporaneous to the pre-collisional granitic magmatism, arc-related volcano-sedimentary 
material of the Rio Doce Group was deposited in an active margin setting (Fig. 2.2 and 2.5; 
Pedrosa-Soares et al., 2001, 2008; Vieira, 2007). From structural and stratigraphic work in the Rio 
Doce Valley coupled with petrographic and geochronology studies, Vieira (2007) has subdivided 
this Group into four formations: the Tumiritinga, Palimital do Sul, São Tomé and João Pinto 
Formations. The first two formations are thought to be contemporaneous, while the last one is 
interpreted to be the youngest (Vieira, 2007). All these formations have experienced low to middle 
amphibolite facies metamorphism, except for the Tumiritinga formation which underwent upper 
amphibolite facies metamorphism (T = 638 ± 76 °C; P = 0.45 ± 0.1 GPa Casteñada et al., 2009, in 
Vieira, 2007). Starting from the two older formations, the Tumiritinga rocks are shistose, sometimes 
of gneissic aspect and are intercalated with calc-silicate rocks. Field evidence suggests that the 
contact with the G1 granitoids is primary (i.e. intrusive) and tectonic (i.e. shear zone). Within these 
metasedimentary rocks localized partial mels are found in the form of quartzo-feldspathic veins, and  
foliated metavolcanic rock are observed (Vieira, 2007). The metamorphic banding reflects variation 
in quartz and feldspar in relation to biotite. The primary felsic mineralogical assemblage, allowed 
Vieira (2007) to classify this rock as a dacite, while accessory minerals are represented by rare 
poikiloblastic garnet, muscovite, zircon as well as opaques. The contemporaneous Palmital do Sul 
Formation differ from the Tumiritinga Formation on the basis of intercalations of arkosic 
micaceous-quarzites that overly directly over the Paleoproterozoic Pocrane Complex (Vieira, 2007). 
Volcanic rocks in the form of a fragment of a volcanic bomb have been found here as well. From 
petrographic studies this magmatic rock has been interpret as a dacitic tuff with having primary red 
biotite identified as Ti-rich biotite. Accessory minerals are zircon, titanite, allanite and opaques. The 
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São Tomé formation lies stratigraphically above these two formations. This is made of schists, with 
variable proportions of quartz, mica and plagioclase. Garnet, cordierite and sillimanite are also 
present (Vieira, 2007). The youngest formation, the João Pinto Formation consists of quartzites 
with rare intercalations of mica-quartz schist and calc-silicates. The protoliths are considered as 
being granodiorites, tonalities and diorite on the basis of aboundant plagioclase, in this latter the 
source is thought to be a quartz-sandstone and silt-sandstone.  
Geochemical studies of the two metavolacanic Formations (Palmital do Sul and 
Tumiritinga) have confirmed the petrographic classification and have allowed determine the 
volcanic source. Vieira (2007) interpret this silicic magmatism as produced from a mantle source 
with the interplay of lower crust-related melts. Steep REE patterns and high (La/Yb)N (up to 18.53) 
suggest that either restitic garnet remained in the source region or precipitated in the deepest part of 
a magma chamber. Contribution from the G1 granitoids is also taken in consideration in order to 
explain some felsic chemical signatures. The Tumiritinga and São Tomé Formations indicate that 
the tectonic environment was a continental active margin and deposition occurred in a basin related 
to a magmatic arc. U-Pb geochronology of zircons from the meta-sedimentary rocks of the Rio 
Doce Group overlap with the magmatic activity registered by the granitoid rocks of the G1 
Supersuite (630 – 575 Ma; Nalini, 1997; Nalini et al., 2005; Pedrosa-Soares et al., 2001; Pedrosa-
Soares & Alkmim, 2011; Mondou et al., 2012). In fact, magmatic zircons found in volcanoclastic 
rocks give U-Pb (TIMS and U-Pb LA-ICP-MS) crystallization ages of 585 ± 4 Ma, whereas the 
youngest detrital zircon age from a turbiditic meta-sandstone is 594 ± 3 Ma (Vieira, 2007). 
Contribution from Paleoproterozoic basement is evident from the presence of detrital zircons from 
the São Tomé formation giving U-Pb ages (SHRIMP) between 2050 and 2200 Ma. Following the 
above statements, Vieira (2007) characterized the Rio Doce Group as a supracrustal sequence, 
consisting of metavolcanics and metasedimentary assemblages belonging to a magmatic arc, related 
to pre-collisional stages of the Araçuaí orogen. The Tumiritinga and Palmital do Sul Formations 
were deposited in a fore-arc (basin?) settings, while the São Tomé rocks were deposited in a back-
arc basin. Moreover, the complex field-geochronological relationship found between the lower 
formations of the Rio Doce Group and the intruding G1 Galiléia granitoids were explained as 
different granitic pulses emplaced in different parts of the Rio Doce Group, which underwent 
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2.3.4.2 The Jequitinhonha and Nova Venecia complexes 
The Jequitinhonha and Nova Venecia complexes are high-grade metasediments whose 
protoliths are interpreted as deposited in an arc-related setting are The former is located on the 
northeastern margin of the orogenic belt (Fig. 2.2), and is characterized by kinzigitic assemblages 
(mainly migmatized biotite gneiss) with protoliths that may reflected sediments deposited in the 
northern gulf linked to the Macaúbas basin during marine transgression, contemporaneous to the 
oceanic spreading of the basin (Pedrosa-Soares & Wiedemann-Leonardos, 2000; Pedrosa-Soares et 
al. 2001, 2008). Recently, Richter et al. (2015) gave a better understanding of the Nova Venecia 
complex. This complex represented by migmatites, granulites and granites records high grade 
metamorphism with the production, extraction and emplacement of peraluminous granitic magmas. 
The main rocks studied are biotite-garnet-cordierite or orthopyroxene metagreywacke (metatexites), 
garnet-bearing peraluminous granites and cordierite-garnet bearing felsic granulites. The history of 
this complex starts with sedimentation at 606 Ma (maximum depositional age), burial event around 
602 Ma (P-T-t modelling; LA-ICP-MS zircon and monazite U-Pb ages; Melo et al., 2017a) and the 
synchronous intrusion at ca. 593 Ma of granitoids belonging to the G1 and G2 supersuite. The 
metamorphic peak of the Nova Venecia complex happened from 575 – to 560 Ma and has been 
estimated between 0.45 to 0.75 GPa in a range of temperature of 750 to 850°C. A high temperature 
retrograde metampohism (0.45 – 0.6 GPa, 640 – 800 °C) followed the previous event. This study 
also shows that metamorphic, as well as magmatic zircons and monazites record that two main heat 
pulses occurred between ca. 593 – 560 Ma and between ca. 523 – 495 Ma, although previous works 
infer a long-lasting heating since ca. 640 till ca. 480 Ma. The second heating event is in agreement 
with the intrusion of norite bodies at 520 up to 480 Ma. Importantly, Richter et al. (2015) showed 
that the crystallization of the G1 and G2 granitoids, previously considered as separate events 
following the pre and syn-collisonal model of Pedrosa-Soares et al. (2001, 2011), is 
contemporaneous and lasted for at least 15 My, that is, between 595 – 570 Ma. 
2.4 GEODYNAMIC EVOLUTION OF THE ARAÇUAÍ OROGENIC BELT 
The Araçuaí-West Congo orogen was formed during the Brasiliano/Pan-African orogeny in 
response to the amalgamation of West Gondwana. The occurrence of oceanic mafic-ultramafic 
slivers within the Riberão da Folha formation (Macaúbas Group; Pedrosa-Soares et al., 1992, 1998, 
2001, 2008, 2011) as well as the I-type signature of G1 granitoids have been interpreted by many 
authors (Peixoto et al., 2013 and reference therein) as lines of evidence supporting subduction of 
the Macaubas oceanic slab below the Congolian Neoproterozoic belt in the early stage of evolution 
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of the Belt (630 to 580 Ma). This subduction predates the main collisional event that started at 
around 575 Ma, and is characterized by the emplacement of voluminous S-type granites and coeval 
high-grade metamorphism. In the next sub-section I will present this well-established model (the so-
called Nutcracker model) following the reconstruction proposed by Alkmim et al. (2006, 2017) 
Alternative models will be presented in the last sub-sections of this chapter. This set of 
models, proposed by Trompette et al. (1992), Trompette, (1994, 1997), Vauchez et al. (2007), 
Mondou et al. (2012), Petitgirard et al. (2012) and more recently by Fossen et al., (2017), regard the 
Araçuai orogen as a collisional belt in which subduction of a pre-existing oceanic crust was minor 
or absent.  
2.4.1 The Nutcracker model 
Stage I: The Espinhaço rift and the Macaúbas basin 
Between ca. 1100 to 850 Ma (Fig. 2.6a; Machado et al., 1989; Uhlein et al., 1998; Almeida 
et al., 2000; De Min et al., 2005; Rosset et al., 2007; Silva et al., 2008; Danderfer et al., 2009; 
Kuchenbecker et al., 2015; Souza et al., 2017 and references therein ) the extensional movement 
reactivated along paleo-extensional structures where magmatism occurred previously at 1750 Ma 
(Uhlein et al., 1998; Alkmim et al., 2006) and ca. 1570 Ma (Danderfer et al., 2009). This 
reactivation of an older rift systems led to the opening of the Macaúbas basin between the actual 
São Francisco and Congo Craton; this basin S of 18°S (present time), turned into a narrow oceanic 
basin (Pedrosa-Soares et al., 1992, 2001, 2007). Evidence of this spreading event is represented by 
the occurrence of amphibolites interpreted as ocean-floor basalts dated at 816 ± 72 Ma (Sm/Nd 
whole rock isochron; e.g. Pedrosa-Soares et al., 1998) and plagiogranites at 660 ± 29 Ma (LA-ICP-
MS U-Pb age on zircon; Quieroga et al., 2007).  
Stage II: Initial closure of the Macaúbas basin 
At approximately around 625 - 600 Ma (Fig. 2.6b; Pedrosa-Soares and Wideramann-
Leonardos, 2000) the São Francisco-Congo, Paranapanema, and Kalahari Cratons start colliding, 
with the São Francisco-Congo Craton rotating counter-clockwise (Alkmim et al., 2006). The 
resulting compressional strain led to the Macaúbas basin closure establishing an east-dipping 
oceanic crust subduction (e.g. Pedrosa-Soares et al., 1998). This event was the engine for the 
building up the Rio Doce Magmatic Arc, and the generation  of the G1 arc-related I-type granitoids 
(Pedrosa-Soares et al., 2001). Alkmim et al. (2006) defined this orogen as “forced”, meaning that 
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external collisions were more efficient in producing crustal thickening and continuous magmatism, 
than a slab-pull force. 
Stage III: The collisional stage and the end of the Macaúbas basin 
The construction of the calc-alkaline magmatic arc ended around 585 Ma (Pedrosa-Soares & 
Widemann-Leonardos, 2000) and the nutcracker-like system continued its closure action producing 
north, west and east verging fold-thrust belts over the Paramirim aulacogen, São Francisco and 
West Congo Craton, respectively (Fig. 2.6c). The compressional event reached the metamorphic 
peak between 585 and 560 Ma, coeval with the emplacement of the G2 S-type granitoids (Pedrosa-













Figure 2.6: Palinspastic reconstruction of the Nutcracker model for the AWC orogen: a) stage I: The Espinhaço rift and the 
Macaúbas basin; b) stage II: Stage II: Initial closure of the Macaúbas basin; c) stage III: Stage III: The collisional stage and 
end of the Macaúbas basin; d) stage IV to V: Southwestern AWC orogen escapement and its collapse. Cartoon modified from 
Alkmim et al. (2011). 
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Stage IV to V: Southwestern AWC orogen escapement and its collapse 
During the fourth stage (560-535 Ma) the Kalahari Craton collided with the southernmost 
portion of the Congo Craton. During this time the southern branches of the Brasiliano/Pan-African 
orogenic system formed, (Fig. 2.6d) creating the  space problem, that is stress arrangements in its 
southern portion. The solution to the space problem proposed by Alkmim et al. (2006), is the lateral 
escape of material occurred by a system of shear zone consisting of northeast-trending dextral 
strike-slip faults, which bent around the southern Archean-Paleoproterozoic lobe of the São 
Francisco Craton. The last period of tectonic activity occurred between 520 to 419 Ma. In this time 
the thickened crust in the northern half of the orogen collapsed, exposing the lowest part of the 
Araçuaí orogen. According to Alkmim et al. (2006) this collapse causes decompression and related 
partial melting of rocks belonging to the middle-lower section of the crust, triggering the G4 and G5 
granitoid magmatism. The large volume of felsic magma produced during the inferred extensional 
collapse led Alkmim et al. (2006) to speculate on the role of mantle in supplying heat. These 
authors proposed two possible options that could account for the relatively voluminous post-
collisional magmatism in the Araçuaí Belt. Whereas the first model suggests delamination and 
sinking of the lithospheric mantle as the process that  heated the crust up, the second model 
considers the interaction between the rise of asthenospheric material due to extensional collapse 
episode, and the previously (?) subducted Macaúbas oceanic ridge (see also Gardim et al., 2014).  
2.4.2: The Araçuaí ensialic belt 
Trompette (1997) geochronological and geotectonic data identify two categories of 
Brasiliano/Pan-African belts. The first were tectonically active since 1.0 – 0.9 Ga and ended around 
600 Ma, having therefore an old long-lived (O-LL) cycle. The second one have a young short-lived 
cycle (Y-SL), starting around 600 Ma and concluded in Early Cambrian times (ca. 520 Ma). The 
same author recognize that the Araçuaí-West Congo belt has had an intracratonic O-LL orogenic 
cycle, marked by an oceanisation stage (cf. Pedrosa-Soares et al., 1992, 1998), probably of limited 
width (cf. Trompette, 1997). Trompette (1994) argue against a rifted ocean and indicates the 
possibility of widespread fragments of cratonic nuclei between the São Francisco and Congo 
Craton. Trompette (1997) proposes that the tectonic evolution of the Araçuaí orogen could be seen 
as an intracontinental belt, with deep faults parallel to the axis belt and reaching the mantle in its 
internal part. An implication of this scenario, is that the Riberão da Folha ultramafic rocks would 
not be ophiolitic sequences, but just deep ultramafic oceanic-related slivers, dredged to the surface 
during the shortening events. Eventually, in the geodynamic reconstruction, Trompette (1997) 
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suggests a continent-continent interaction as a mechanism for the construction of the Araçauí-West 
Congo orogen in which all the stresses (Trompette et al., 1992) would have been accommodated by 
the deformations in the Brasiliano Espinhaço branch. According to Alkmim et al. (2006), this 
interpretation would not explain most of the geometric and kinematic aspects of the AWC orogen.  
 
Figure 2.7: E-W schematic cross section of the Araçuaí belt in which are shown the tree domains. From Vauchez 
et al. (2007): 1) granulites and 2) metasediments of the São Francisco Craton, 3) metasediments and 4) tonalitic 
mylonites of the western domain, 5) metasediments and the granitoids of the 6) São Vitor and 7) Galiléia Plutons 
belonging to the Central domain, and finally the Eastern domain made of 8) anatexites, 9) syn- to late collisional 
granitoids, and 10) kinzigitic mylonites. GV: Governador Valadares 
 
2.4.3: The Araçuaí Hot orogen: deformation of a pervasively molten  middle crust? 
An alternative interpretation similar to that of Trompette (1997), was given by Vauchez et 
al. (2007) who consider the Araçuaí orogen as a “Hot Orogen”. These authors envisage similar 
features between the AWC orogen, the Tibetan Plateau and the Central Andean one. Geophysical 
surveys have demonstrated that both these two last belts are characterized by a middle crust having 
low seismic velocities, high attenuation and high electrical conductivity (e.g. Vauchez et al., 2007). 
In numerical terms, the Tibetan middle crust (at ca. 15-18 km) has a temperature range of ~ 550 to ~ 
700°C, with a geotherm of 37°C/km. In the Central Andean belt, the middle crust at ca. 20 km, is 
characterized by a temperature of ca. 650°, with a geotherm of 32°C/km. These data are quite 
similar and support the evidence that the middle and lower crust underlying the Tibetan and the 
Central Andean belt contain a thick (> 10 km) partially molten layer, i.e. contain large amounts of 
melt, in the form of anatexites and/or partially molten plutons (Vauchez et al. 2007). In these 
situations where the lithosphere is hot, its rheology change completely (Vauchez et al., 2007 and 
reference therein). A quantity of melt less than of 7% (Rosemberg & Handly, 2005) coupled with a 
high temperature conditions, weakens the lithosphere strength implying that the strains are not 
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anymore localized, but are homogeneously distributed. This means that the rocks deform coherently 
and faults deformation is accommodated over weakkilometre scale shear zones (e.g. Vauchez et al., 
2007). These conditions  are observed in many Archean to Proterozoic belts hosting TTG, 
migmatites and greenstone assemblages and also in other Phanerozoic active margins (Cagnard et 
al., 2006). Using field, petrographic, anisotropy of magnetic susceptibility (AMS) and 
geochronological studies, Vauchez et al. (2007), Petitgirard et al. (2009), Mondou et al. (2012), 
Cavalcante et al. (2013) and lately Fossen et al., (2017) recognize that the Araçuaí orogen, in the 
same time that it was experiencing HT-LP (> 700 °C, 0.6 GPa), was also subjected to pervasive 
partial melting and widespread magmatism, developing a ~ 300 km long, 50-100 km wide and > 10 
km thick anatectic domain.  
2.4.3.1: The partially molten Araçuaí Crystalline Core 
According to Vauchez et al. (2007), Petitgirard et al. (2009), Mondou et al. (2012) and 
Cavalcante et al. (2013the Crystalline Core can be subdivided in three domains (western, central 
and eastern domain) (Fig. 2.7 and 2.8). All of them display similar and coherent deformation 
histories (i.e. strain distributed homogeneously), without strain localization along their contacts. 
Evidence for large volume of crust was deformed at high temperature subjected to a similar HT syn-
kinematic conditions are given by similar U-Pb SHRIMP ages (Vauchez et al., 2007) between the 
central domain composed of pre-collisional G1 granitoids (576 ± 5 – 594 ± 6 Ma; Noce et al., 2000 
and Nalini, 1997, respectively) and the western one, represented by the syn-collisional G2 rocks 
(574.9 ± 3.3 Ma; Vauchez et al., 2007). According to Vauchez et al. (2007) this evidence suggests 
the  Crystalline Core had a weak lithosphere constituted by a pervasively molten-middle crust with 
a high geotherm of 30-35°C/km and a slow cooling rate (<5 °C/Ma; Petitgirard et al., 2009). This is 
quite similar to the values reported above for the Tibetan and Andean Hot orogens, meaning that at 
the time of its formation, the Araçuaí orogen had a hot and weak lithosphere, behaving thus like an 
“Hot orogen”.  
2.4.3.2: The Central Plutonic Unit 
The studies of Mondou et al. (2012) and Fossen et al, (2017) supports this model and 
especially  they focus on the central magmatic (or plutonic) unit, which is also the subject of this 
PhD project. Mondou et al. (2012), performing AMS and field observations (Fig. 10), further 
subdivide the central magmatic unit in four sectors (Fig. 2.8a and 2.9), which show different 
magmatic flows (Fig. 2.8). The western part (sector 1) displays eastward dipping orogen-parallel 
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magmatic foliation probably related to the westward thrust over the São Francisco Craton, whereas 
to the east, although an orogen-parallel foliation still remains, sector 2 displays steeply dipping 
character coupled by rapid changes in horizontal to vertical lineation. This is interpreted as a zone 
of crustal thickening and transpression (lateral escape). Sector 3 may represent horizontal lateral 
escape flow, since it shows flat-lying foliations with ~ NS-trending lineation. A zone of sinistral 
transcurrent oblique with respect to the trend of the belt has been identified in the central domain, 
and constitutes the fourth sector (Mondou et al., 2012). Furthermore, nine LA-ICP-MS U-Pb zircon 
ages in the central domain, shed light on the homogeneity of the obtained ages within the fourth 
sectors (587 ± 5 – 579 ± 8 Ma), even though they have different magmatic fabrics (Mondou et al., 
2012). Given that the deformation began around 580 Ma and lasted for tens of My, with a very slow 
cooling rates (<5 °C/My; Petitgirard et al., 2009), this plutonic unit, emplaced by multiple granitic 
batches at the time of the orogenic events, suffered deformation before complete crystallization, 
which occurred more than 20 Ma later (Mondou et al., 2012). This observation is also supported by 
thin section studies, which show that neither quartz nor feldspars show solid-state deformation, like 
undulate extinction or recrystallized grains.  
2.4.3.3: An almost ensialic Neoproterozoic orogen 
Mondou et al. (2012) explain that the reported data joined to those highlighted by Vauchez 
et al. (2007) corroborate the hypothesis of a Hot orogen character for the Araçuaí orogen, and  
argue against a pre-collisional character for G1 Granitic rocks (Pedrosa-Soares et al., 2001). A 
similar explanation for the anatectic eastern domain of the Araçuaí belt, is given by Calvalcante et 
al. (2013). Such ideas lately culminated with the new model of Fossen et al. (2017). These authors 
speculate against a long-lived arc system (640 – 580 Ma) suggested by Pedrosa-Soares et al. (2011) 
and Gonçalves et al. (2016). According to Fossen et al. (2017) such long-lived arc system would 
have been produced at least 1000 km of subducted oceanic crust below the Congo Craton. In order 
to allow this convergence the Gabon bridge should have been broken up already one time before the 
Cretaceous. Consequenly Fossen et al. (2017) propose that the subduction was limited and that after 
















Figure 2.8: Map showing structural (left) and AMS (right) measurements within the central plutonic unit. Fig. A inset 
shows the subdivision of the central plutonic unit in 4 sections. The heavy red line identify the section 4. (From Mondou 
et al., 2012, modified) 
Figure 2.9: 3D diagram showing the structural interpretation of the central plutonic unit. Red arrows indicate the main 
flow directions, the big black arrows indicate the main strain direction, while the numbers identify the carried out ages. 
The image is not in scale while the dips at depth have been extrapolated. (From Mondou et al., 2012, modified). 
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CHAPTER 3 
THE GRANITOIDS OF THE G1 SUPERSUITE – A STATE OF THE ART 
3.1 GENERALITIES 
The granitic bodies that constitute the G1 silicic suite are batholiths and stocks, named  
Brasilândia, Derribadinha, Divino, Estrela-Muniz Freire, Cuiete Velho, Muriaé, Manhuaçú, 
Mascarenhas-Baixo Gandu, Teófilo Otoni, Chapada do Bueno, São Vitor, and Galiléia (e.g. 
Pedrosa-Soares et al., 2011; Gonçalves et al., 2018 and reference therein). On the basis of field, 
textural and geochemical features Gonçalves et al. (2014) have subdivided these granitoids in three 
groups: 1) the Orthopyroxene-bearing rocks (i.e. charnokites), 2) the enclave-rich tonalite-
granodiorite (ETG) and 3) enclave-poor granite to tonalite (GT).  
The opx-bearing rocks are mainly constituted by the Derribadinha tonalite, a N-S elongated 
body located in the western part of the area investigated by Gonçalves et al. (2014). This intrusion 
lies between the Paleoproterozoic Juiz de Fora and Pocrane complexes. This batholith has an 
overall gneissic structure showing locally migmatitic and mylonitic features. The intrusion varies 
compositionally from tonalite to granite but locally, small bodies of enderbites as well as Opx-
bearing diorities and gabbros have been described (e.g. Gonçalves et al., 2014). The mafic mineral 
assemblage is represented by ortho and clinopyroxene, hornblende and biotite, with these minerals 
reaching up to 30 vol.% of the area (Gonçalves et al., 2014).  
The enclave-rich tonalite-granodiorite (ETG) and enclave-poor granite to tonalite (GT) 
groups characterize the São Vitor, Galiléia and Cuieté Velho batholiths (Fig. 3.1). Altogether they 
form a roughly N-S elongated body cropping out in the between the cities of Teófilo Otoni and Juiz 
de Fora, extending for an area of ca. > 15,000 km2 (Vauchez et al., 2007). These granitoid rocks 
consist mainly of tonalites and granodiorites and to a lesser extent of granites. Scarce mafic 
members (i.e. gabbros?) are also present. Moreover the granitoids host a variable but generally high 
volume of magmatic enclaves.  
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Figure 3.1: simplified map of the Araçuaí orogen. 1) a) diatexite, anatectic granites and migmatitic kinzigitesand b) pre- to 
syn-collisional magmatism: 2) Galiléia and 3) São Vitor Plutons; 4) post- to late-collisional magmatism; 5) high temperature 
metasediments; 6) metasediments and meta-igneous mylonites thrusted over the 7) São Francisco Craton. Also shown are 8) 
foliation and lineation measured in field and 9) AMS measurements. GV: Governador Valadares and TO: Teofilo Otoni 
cities. Inset, AWCO before the opening of the South Atlantic Ocean: AF and SA, Africa and South America Continents, 
respectively, while AC, SFC, CC and WAC are Amazonian, São Francisco, Congo and West African Cratons, respectively. 
From Vauchez et al. (2007), modified. The geological section A – B is the same showed in Fig. 2.7.  
 
The granitoids forming the G1 suite are medium- to high-potassic calc-alkaline rocks of 
metaluminous composition (Nalini, 1997; Pedrosa-Soares et al., 2001; 2011; Gonçalves et al., 
2014, 2016; 2018; Tedeschi et al., 2016). Their position, composition and age, predating the main 
collisional event marked by the emplacement of voluminous S-type granitoids, has generated 
widespread consensus in interpreting the G1 Supersuite as representing the roots of a magmatic arc 
(Pedrosa-Soares et al., 1998, 2001, 2008, 2011; Alkmim et al., 2006; Gonçaves et al., 2014, 2016; 
2018; Tedeschi et al., 2016) 
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One of the aims of this thesis is to investigate the petrographic, geochemical and 
geochronological variability characterizing the granitoids belonging to the G1 Supersuite. In 
particular, it will focus on the São Vitor and Galiléia batholiths, cropping out in the area delimited 
by the cities of Governador Valadares, São Vitor, Galiléia, Conselheiro Pena and Resplendor (Fig. 
2.2). This area that have been mapped at 1:100.000 (Feboli, 2000; Feboli & Paes, 2000; Oliveira, 
2000), are generally well-exposed with numerous road-cuts, river-beds and inactive quarries 
providing access to fresh outcrops.  
In the following paragraphs, an overview on São Vitor and Galiléia granitoids will be 
proposed highlighting the following points: 
 Age of the intrusions 
 Main features recognized in the field 
 Petrographic information and mineral chemistry  
 Whole rock geochemistry  
In the second part of this section the composition of the G1 (Galiléia) granitoids, that are 
interpreted by many authors as formed in a continental arc-related scenario will be compared with 
the composition of well-studied Cordilleran- and I-type granitoids. Moreover, the composition of 
the Galiléia granitoids will also be compared with that of the Bushy Point granitoids belonging to 
the Coast Mountain Batholith, Alaska. These Early Cretaceous subduction-related granodiorite to 
tonalite intrusions display similar textural and petrographic features with the rocks of the G1 suite, 
and for this reason deserve to be considered (Nalini 1997). 
Finally, I will review the two main petrogenetic models for Cordilleran-type granitoid 
petrogenesis plus that suggested by Nalini (1997).  
3.2 THE GALILEIA AND SÃO VITOR PLUTONS 
3.2.1 Brief geochronological review  
Geochronological data for the São Vitor pluton are scarce. Two LA-ICP-MS U-Pb zircon 
ages obtained from tonalites and two leucocratic intrusions (Mondou, 2010; Mondou et al., 2012) 
range from 579 ± 8 and 587 ± 5 Ma. Brueckner et al. (2000) obtained a Sm-Nd isochrone of 563 ± 
6 Ma from a foliated granodiorite.  
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In contrast to the São Vitor pluton, a robust age dataset exist for the Galiléia granitoids. 
Nalini (1997) and Gonçalves (2009) from a quarry close to the city of Conselheiro Pena, report two 
different ages, that is 594 ± 6 Ma (TIMS U-Pb zircon age) and 579 ± 8 Ma (LA-ICP-MS U-Pb 
zircon age), respectively. Zircon crystals belonging to a diorite enclave hosted within the 
granodiorite give a weighted mean age of 581 ± 3 Ma (LA-ICP-MS U-Pb zircon age; Gonçalves et 
al., 2014), with one of the grain showing an inherited core of 2117 ± 9 Ma. Similar LA-ICP-MS U-
Pb zircon ages falling between 579 ± 4 and 585 ± 4 Ma are obtained by Mondou et al. (2012) from 
Galiléia tonalities. A summary of all the ages for this central area of the Galiléia batholith is 
reported in table 3.1. Samples with poor geographical site location are ecluded.  
Reference Sample E S Lithology U-Pb Zircon Age (Ma) Methodology 
Mondou et al. (2010) AR-264 190724 7906278 Contact tonalite 581 ± 4 LA-ICP-MS 
Mondou et al. (2010) AR-1057 198724 7900156 São Vitor tonalite 583 ± 4 LA-ICP-MS 
Mondou et al. (2010) AR-940 200318 7912478 Leucocratic intrusion 587 ± 5 LA-ICP-MS 
Mondou et al. (2010) AR-87-1 200523 7912814 Leucocratic intrusion 580 ± 8 LA-ICP-MS 
Mondou et al. (2010) AR-800 221388 7885889 São Vitor tonalite 582 ± 6 LA-ICP-MS 
Mondou et al. (2010) AR-787 231450 7881829 Galiléia tonalite 582 ± 6 LA-ICP-MS 
Gonçalves (2009) L003 239888 7880586 Galiléia granodiorite 579 ± 8 LA-ICP-MS 
Gonçalves et al. (2014) L003 239888 7880586 
Galiléia diorite 
enclve 581 ± 3 LA-ICP-MS 
Nalini (1997) MD03 240143 7880577 Galiléia granodiorite 594 ± 6 TIMS 
Mondou et al. (2010) AR-705 240565 7877419 Galiléia tonalite 579 ± 4 LA-ICP-MS 
Mondou et al. (2010) AR-815 246171 7875394 Galiléia tonalite 583 ± 4 LA-ICP-MS 
Mondou et al. (2010) AR-717 263079 7877724 Galiléia tonalite 581 ± 4 LA-ICP-MS 
 
Table 3.1: Table showing the name, location (UTM coordinates) and granitoid ages for the central area of the Galiléia 
Batholith and methodology implied. The ages are reported  in column from W to E. 
 
Recently, Tedeschi et al. (2016) reviewed the geochronological data for the Galiléia batholith. 
Analyzed samples now cover the whole batholith form north to the south. The work of Tedeschi 
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and co-workers allowed them to suggest that the Galiléia batholith is represented by three main 
intervals of magmatic crystallization with relative peak ages (Fig. 3.2): 
1) The oldest magmatic activity, mainly recognized in the eastern and central zone of the 
batholith, ranges from 632 to 605 Ma with a peak at 625 – 615 Ma; 
2) The second interval, widespread through the whole batholith, spans from 605 – 585 Ma and 
registered a peak of activity around 600 – 590 Ma; 
3) The third and final period of metaluminous granitic magmatism seems to be more intense 
from the centre towards the western part of the batholith; here the peak is at 585 – 575 Ma, 
bracketed for an older and younger age of 585 to 570 Ma, respectively.  
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Figure 3.2.: U-Pb ages distribution histograms for the Rio Doce Arc. a: general diagram; b: ages from the western, central 
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3.2.2 São Vitor and Galiléia Plutons: field relationships. 
The best exposures of the São Vitor granitoids are along the main roads BR-259 and BR-
381. The outcrops have mainly lens-shape in map view (Fig. 3.3a and Feboli, 2000). In general the 
rocks are coarse- to medium-grained garnet-hornblende-biotite grey gneiss (Fig. 3.3b; Feboli, 2000; 
Mondou et al., 2012). Feboli (2000) and Mondou et al. (2012) agree that the São Vitor pluton hosts 
both magmatic enclaves and xenoliths (Fig. 3.3c). The granitoids have well-defined foliation that 
vary locally mylonitic to protomylonitic character (Feboli, 2001). Mondou et al. (2012) recognize 
that the foliation is alternately given by the alignment of, either hornblende or biotite, or in other 
locations by the long axes of the enclaves. The contact between São Vitor and Galileia Plutons is 
difficult to locate and/or recognize, even though Feboli (2000) report that the passage is transitional 
and could be marked by a presence of a whitish granitoid with large feldspar grains (ca. 5 cm). The 
Galiléia Pluton measures ~ 70 km in length and ca. 30 km wide (Nalini, 1997), has a NNW-SSE 
orientation and outcrops in the middle of the Rio Doce Valley, between the cities of Sapucaia do 
Norte, Galiléia, Conselheiro Pena, João Pinto (Fig. 3.1).  
 
Figure 3.3. Typical appearance of the Galiléia batholiths in the field. a) São Vitor outcrop; b) magmatic texture 
recognizable in the field; the yellow arrows indicate the presence of garnets; c) outcrop with the presence of 
enclaves (black arrows); d) Galiléia outcrop; the red circle car; e) magmatic texture of the Galiléia pluton; the 
match and yellow arrows indicate the garnets; f) Galiléia outcrop crowded by enclaves: note the biggest one > 3 
m (dotted white circle) and the smallest one inside it (white circles). 
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In contrast to São Vitor rocks, the Galiléia pluton it is characterized only by domes that rise 
quite high with respect to the normal topography (Fig. 3.3d). According to Nalini (1997) and Nalini 
et al. (2000) these rocks are medium- to coarse -grained hornblende-biotite-garnet bearing tonalites, 
granodiorites, granites (Fig. 3.3e) and a minor amount of micro-granitic dykes. The orientation of 
biotite (Nalini 1997) and/or hornblende (according Mondou et al., 2012), indicate the foliation, 
while Nalini et al. (2005) interpret the orientation of hornblende, biotite and rarely plagioclase as 
partial remnants of magmatic foliation. A common feature characterizing the Galiléia pluton is the 
presence of a high volume of mafic magmatic enclaves. Heterogeneous in dimensions (from less 
than 3 cm, to > 3 m; Fig. 3.3f) and aligned along the main orientation (NW), mostly of the enclaves 
are hybridised, with inclusions of feldspars and garnets (Nalini, 1997; Nalini et al., 2005; Vauchez 
et al., 2007; Mondou et al., 2012). Nalini (1997) and Nalini et al. (2008) recognize that the general 
foliation has an orientation of N20°-30°W, with a dip ranging from 50° to 80° towards NE. Mondou 
et al. (2012) has coupled structural and AMS studies (Anisotropy of Magnetic susceptibility) to 
investigate and subdivide the area located between Governador Valadares and Aimorés into 4 
sections (see Fig. 2.8, Chapter 2). The Galiléia Pluton, falls entirely into the section 2 (Fig. 2.8) and 
the structural and AMS data presented by these authors is consistent with data reported by Nalini 
(1997); (for comparison see the above data reported from Nalini (1997) and those reported by 
Mondou et al. (2012) in chapter 2).  Mondou et al. (2012) (Figure 2.8), recognize section 4 as being 
a sinistral transcurrent shear zone having N150°E orientation. The interpretation of this zone as a 
shear zone is in good agreement with the previous studies conducted by Nalini (1997) and Nalini et 
al. (2008). In fact these author called this zone, Galiléia-Resplendor Shear Zone. However, Nalini 
(1997) and Nalini et al. (2008) investigating not only the cinematic of the Galiléia granitic suite, but 
also that of São Tomé schists and Urucum granitoids (G2 Supersuite), propose that this shear zone 
has a dextral movement, instead. Moreover these last authors identify that the enclaves present in 
this transcurrent shear zone as having axis elongation of N30-60°W and N20°-35°W, which is in 
disagreement with respect to the other measure done in the others Galiléia enclaves that have a 
dextral component of N30°W.  
The São Vitor and Galiléia Plutons are cut by pegmatitic dykes, probably associated with the 
Urucum suite (e.g. Nalini, 1997 and Mondou et al. 2012). Structural data exist just for the Galiéia 
Pluton (Nalini, 1997). Pegmatites are tabular, cm to meter scale in thickness and zoned. On the 
basis of field relationships, two different generations have been mapped. The first generation 
intrude along the schistosity and/or are folded following the deformation São Tomé metasediments. 
The folded pegmatites show a direction of the fold axes of N10°W up to N50°W, with a dip 
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between 30° to 50° SE-NW, while those following the schistosity are N20°W/80°NE. The second 
generations show boudinage shape. This bodies have a boudinage axes sub-parallel with the 
schistosity of the host rock, i.e. from NS till N50°W, with a dip ranging from N to NW of 20°.  
3.2.3 Mafic enclave aboundance as a tool for subdiving the Galiléia batholith in 
different intrusive suites  
Gonçalves et al. (2014) provide a further subdivision of the Galiléia batholith, separating the 
enclave-rich granodiorite – tonalites (EGT) located mainly in the central and eastern part of the 
batholith. Gonçalves et al. (2014) recognize the high quantity of cm- to m-sized enclaves with 
composition spanning from diorites to gabbros. The EGT are mainly medium- to coarse-grained 
tonalites to granodiorite. Biotite is ubiquitous and is sporadically associated with hornblende; garnet 
is commonly an accessory phase. The medium to coarse-grained enclave-poor granite-tonalite (GT) 
rocks are more common in the central and southeaster portion of the Galiléia Pluton and show a 
more evolved character (e.g. tonalites and granites) than the EGT subtype. In general the authors 
agree with Nalini (1997) and Nalini et al. (2007) concerning the solid-state deformation character 
highlighted by the EGT and GT rocks, although Gonçalves et al. (2014) reported that many parts of 
the GT show just a magmatic foliation. The peculiarity of this group is its poor enclave content 
(Gonçalves et al., 2014) that sometime result in extensive enclave-free bodies. The authors have 
proposed some suggestions as possible explanations for the contemporaneous presence and absence 
of enclaves between ETG and GT:  
i) plutons constituting the Galiléia batholiths are cut and expose different levels (i.e. erosion driven 
process)  
ii) upper crustal level: allochthonous plutons emplaced far from magma mixing zones 
iii) plutons, or part of them composed of more evolved magmas formed for fractional crystallization 
iv) plutons or part of them composed by magmas resulting from partial melting of other granitic 
plutons  at the base of the arc and/or from basement sources of adequate composition.  
3.2.4 Micro-textural features of the São Vitor and Galielia granitoids  
The petrographic characteristics of the São Vitor granitoids have been described by Feboli 
(2000) while the main contributions describing the micro-textural features of the Galiléia pluton are 
those of Nalini (1997), Oliveira (2000) and Nalini et al. (2005). Instead Mondou et al. (2012) and 
Gonçalves et al. (2014) take in account the whole central part of the Galiléia batholith. 
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The São Vitor tonalites, granodiorites and granites (Feboli, 2000) have hypidiomorphic to grano-
nematoblastic texture. Aggregates of polygonal and oriented feldspar and quartz associated with 
“films” of hornblende and biotite define the foliation. Allanite is present as a minor accessory 
mineral and associated with hornblende and biotite. K-feldspars are associated with myrmekite 
textures and plagioclase sometimes shows tardive albitization. Contrary to previous author, Mondou 
et al. (2012) report the presence of garnet, zircon, titanite and muscovite. The same authors also 
point out that the amphiboles and garnet are more abundant in these rocks than in the Galiléia 
pluton. With respect to the São Vitor pluton, the Galiléia Pluton (Nalini, 1997; Nalini et al., 2005) 
is crosscut by microgranitic dikes. Igneous rocks vary from medium to coarse-grained and only 
occasionally porphyritic and protomylonitic. The major rock-forming phase observed are 
plagioclase, hornblende, biotite, K-feldspar, quartz and garnet (Nalini et al., 2000). Accessory 
minerals are titanite, zircon, apatite, ilmenite, epidote and allanite. In addition Feboli (2000) 
describe granular hypidiomorphic to granolepidoblastic texture for this rocks, whit less pronounced 
foliation to possibly isotropic.  
There is general agreement between the authors about the enclaves belonging to the São 
Vitor as well as to the Galiléia Pluton. These mafic rocks show granular, microgranular and ophitic 
texture, with a primary mineral assemblage consisting of hornblende, biotite, K-feldspar, zoned 
plagioclase, ortho- and clinopyroxene (Nalini 1997; Feboli 2000; Nalini et al., 2005; Mondou et al., 
2012; Gonçalves et al., 2014). Garnet, zircon, titanite, apatite (Gonçalves et al., 2014) and 
poikiloblastic epidote with amphibole inclusions (Mondou et al., 2012) are also reported as 
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Figure 3.4. Petrographic features of Galiléia and São 
Vitor granitoids. a) c) and e) Galiléia and b) d) and f) 
São Vitor rocks. KF: K-feldspar; Q: quartz; Pl: 
plagioclase; Bt: biotite. In c), d), e) and f) is 
highlighted as the quartz grains are interstitial and 
like the k-feldspars, they have curved, lobate and 
irregular boundaries, witnesses of a magmatic 










It is worth noting that there is little difference between the petrography of São Vitor and 
Galiléia granitoids (Fig. 3.4). Instead, there is major disagreement between the various authors 
about the origin of the pervasive foliation observed for the Galiléia batholiths. In fact, Nalini 
(1997), Nalini et al. (2005), Gonçalves et al. (2014) interpret the deformation as formed at solid-
state while Mondou et al. (2012) consider the deformation to be syn-magmatic. The first hypothesis 
is supported by petrographic investigation. Gonçalves et al. (2014) recognize solid-state 
deformation in the form of elongated quartz and feldspars grains, as well as in sub-grains or in 
recrystallized forms, showing undulose extinction, triple junctions, and as in the case of feldspar, 
mechanically twinning. In contrast Mondou et al. (2012) consider a syn-magmatic behaviour for 
these plutonic rocks since the large quartz grains show irregular shape (Fig. 3.4c, d, e, f), usually 
preserving their interstitial morphology. Moreover for Mondou et al. (2012) another line of 
evidence against the solid-state deformation is the lack of pressure shadows or recrystallization tails 
formed around feldspar, which in turn do not show fractures and undulate extinctions, but preserve 
irregular boundaries like the quartz grains.  
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3.2.5 Mineral chemical review 
The only detailed petrographic investigation coupled with mineral chemistry for the Galiléia 
pluton was conducted by Nalini (1997). Following Nalini (1997), a brief summary of the main 
mineral chemical features of the studied rocks is given below.  
Quartz can form inclusions in feldspars, biotite, amphibole and garnet. Sub-euhedral and 
anhedral small grains (0.1 – 0.6 mm) are aligned along plagioclase and mafic minerals edges, 
displaying signs of recrystallization and undulate extinction. Quartz also forms large crystals (5 – 6 
mm) with undulate extinction, sometimes corroding amphibole, feldspar and plagioclase and 
occasionally stretched parallel to the biotites.  
The K-feldspars (Or91 – Or93) are commonly microcline. They are found in two forms, as 
large perthitic crystals (0.5 – 2.5 mm) with undulose extinction and edged by quartz and 
plagioclase; and as interstitial grains (0.2 – 0.7 mm), which are fragmented and deformed, 
sometimes entering into plagioclase and biotite micro-fractures. Nalini (1997) recognize 3 
populations of plagioclase. The first and more diffuse type are big zoned crystals (2 – 15 mm) with 
calcic cores and sodic rims. The calcic zones show dendritic rings formed by inclusions, probably 
indicating a re-equilibration or re-melting of a pre-existing mineral. In general these plagioclase 
(An88 – An50) are rich in inclusions and are also found within the enclaves (An88 – An50). The 
second type is common in more leucocratic samples. They are sub-hedral to anhedral small (0.1 – 1 
mm) crystals, more calcic, with little or no zoning, inclusions-free and in contact with 
ferromagnesian minerals as well as type 1 plagioclase. Some type 2 plagioclase have undulate 
extinction. The last type is associated with myrmekite in conjunction with K-feldspars, ranging in 
composition from andesine to oligoclase and from oligoclase to albite.  
Biotite is widespread in all the Galiléia granitoids and occurs as mm, euhedral to sub-hedral 
brown to reddish crystals. Three types of crystals are described by Nalini (1997): 1) those (0.2 – 2 
mm) rich in mineral inclusions and generally associated to amphiboles and plagioclase, 2) those 
marking the rock foliation and associated with sphene, quartz and recrystallized feldspars and 3) 
small crystals (0.05 – 0.1 mm) included in both plagioclase crystals as well as in microcline 
crystals. All biotites fall in the annite and siderophyllite field and have Mg# content (i.e. 
Mg/(Mg+FeTot)) from 0.48 to 0.28 that decrease from tonalite to granites. Biotites in the enclaves 
have Mg# (ca. 0.43) comparable with those belonging to the more mafic granitoids. Both the K2O 
and Al2O3 of biotite remain quite constant along the range of composition of the whole rock-suite. 
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The amphiboles like the other minerals reported so far display a range of different shapes. 
Within the granitoids there are 3 different type of types  amphibole: 1) small grains (< 0.1 to 0.8 
mm), sub-hedral to anhedral, green with cleavage, containing many different mineral inclusions 
such as quartz, plagioclase, apatite, sphene, epidote, zircon, but importantly no garnet. 2) These are 
the largest amphibole crystals (4 – 5 mm) and are euhedral and anhedral. Inclusions are quartz, 
ilmenite, and K-feldspars. 3) The third type of amphibole 3), are mm to cm sized and occurs within 
the enclaves. These amphibole crystals are sub-hedral to anhedral, like those in the granitoids and 
have mineral inclusions; are associated with zircons and biotites, the latter sometimes forming 
coronas at the amphibole rims. Nalini (1997) suggest that this texture could be the product of 
pyroxene destabilization. All the amphiboles analysed by Nalini (1999), are calcic, showing a 
constant mg# and having chemical evidence of crystallization at high pressure (> 0.8 GPa) and high 
temperatures.  
The Galiléia Pluton (and the enclaves contained therein) is characterized by the widespread 
presence of euhedral, sub-hedral, anhedral and sometimes skeletal garnets with dimensions between 
0.5 to 6 mm. Mineral inclusions such as quartz, plagioclase, biotite, zircon, epidote and rarely 
amphibole, are seen especially in the core of the areas. Regardless of the grain shape, the garnets are 
always in contact with biotite and plagioclase, quartz and K-feldspar. Regarding the skeletal shape 
Nalini (1997) suggest that this could be evidence of garnet disequilibrium with the granitic melts at 
the time of crystallization. Chemically these garnets are CaO rich (up to 45 mol.% of Grossular), 
especially those within the granodiorites and enclaves, while in the more silicic sample they are 
more iron-rich (Almandine of 44 mol.%). Interestingly the more mafic granitoids i.e. the tonalite 
MD14A, contain the more mafic garnets with an almandine and Pyrope composition of 64% and 
21%, respectively. Nalini (1997) pointed out how garnet is extremely rare within I-type 
metaluminous granitoids. 
Prismatic to ovoid zircons (0.03 – 0.1 mm) are associated with biotite, amphibole and rarely 
plagioclase and quartz.  
Another significant characteristic of the Galiléia granitoids is the occurrence of epidote. It 
occurs in three forms: 1) sub-euhedral and anhedral polygonal crystals reaching up to 1 mm in size. 
These are generally related to biotite, probably suggesting contemporaneous crystallization; 2) as 
coronas around allanite; 3) as small anhedral crystals that grow at the expense of plagioclase 
crystals. The Fe2O3 content of epidote is low (6.34 – 7.59 wt.%). The pistacite content ranges from 
11% and 21% (Nalini, 1997).  
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Allanite, are also present, occurring as crystals (0.2 – 0.7 mm) zoned and mantled by 
epidote. Allanites in granodiorites are enriched in MgO, MnO, MREE, Th and Y and depleted in 
TiO2, FeO and CaO, with respect to allanites in the granites. Instead, epidote coronae is 
characterized by a depletion in LREE and Al2O3. 
Apatite are acicular (0.1 – 0.7 mm), mostly occurring within the enclaves as inclusions 
within amphibole, biotite, plagioclase, garnet, quartz and zircon. Prismatic crystals (0.5 – 1.0 mm) 
associated with biotite, are present within the granitoids. Generally the apatites have F ranging from 
2 wt.% and 5 wt.% (Nalini, 1997), with CaO and P2O5 (53.6 – 56.3 and 36.6 – 43.0 wt.%, 
respectively) content typical for granitoids rocks.  
Fe-Ti minerals, like ilmenite and titanite are also present. Titanite (0.1 – 0.4 mm) is diffuse 
in the Galiléia granitioids (Nalini, 1997) especially in tonalites and granodiorites. Titanite crystals 
have different forms (sub-anhedral, euhedral, acicular and lozenge) with some of them being 
enclosed in biotite, while others (0.5 – 0.8 mm) occur as inclusions within amphibole, biotite and 
garnet. Ilmenite (0.3 – 0.6 mm) is mostly present in the matrix as well as included in biotites, 
amphiboles and garnets of the more mafic granites, and are relatively enriched in MnO (1.20 – 2.03 
wt.%).  
Secondary accessory minerals are chlorite, sericite and carbonate. 
3.2.4 Whole rock geochemistry 
In this section a summary of the main geochemical features of the ETG, GT and enclaves 
constituting the Rio Doce Arc will be described, according to the data presented by Gonçalves et al. 
(2014). The ETG and GT have SiO2 content between 59.4 - 73.7 wt.% and 60.0 to 76.2 wt.%, 
respectively (Fig. 3.5a; Gonçalves et al., 2014), while the enclaves have a composition plotting 
from the granodiorite to the gabbroic field with SiO2 ranging from 47.3 and 67.1 wt.%. The more 
mafic enclave have transitional- to alkaline character (K2O+Na2O 4.16 – 7.30 wt.%). The gabbroic 
rocks plot more in the alkaline field and on average are more mafic than the enclaves (SiO2 49.6 – 
58.3 wt.%). One of them plots in the syenite field. The composition of the gabbros is more 
widespread than that of the enclaves, with the former from calcic to alkaline, while the latter are 
mainly calc-alkaline. The EGT plot largely within the calcic field and similar to the Cordilleran I-
type granitoids (Frost et al., 2001 and reference therein), they show enrichment in calc-alkaline 
affinity as silica increases. In the other hand, the GT rocks display a more widespread behaviour 
falling in three of the four fields of Figure 3.5b. All the rocks considered are mainly magnesian, and 
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just few of them are ferroan (Fig. 3.5c). In general the granitoids are metaluminous (Fig. 3.5d) and 
peralumious (A/CNK 0.76 – 1.39) a feature shown also by the enclaves that with respect the 
gabbroic rocks (metaluminous, 0.54 – 1.03; Fe+Mg 0.13 – 0.28 a.p.f.u.), show a high maficity 
(Fe+Mg, a.p.f.u.) content (0.35 a.p.f.u.). All the rocks described here (Gonçalves et al., 2014) show 
a weak positive correlation between K2O and SiO2 (Fig. 3.6). Overal, the K2O content remains quite 
constant varying only between 1 and 3 wt.% from the gabbros to the EGT. For a given SiO2 content 
GT rocks are more enriched in K2O. The enclaves do not exhibit any correlation between K2O and 
SiO2. A negative linear correlation is displayed by the enclaves plotted over CaO as well as 
compatible elements such as V and Ni. In this last case the gabbros are not related with the trend 
formed by the other rock-types, forming their own trend. Considering the Rb (Fig. 3.6), a slightly 
positive correlation is showed when plotted against SiO2. Two trends are formed by the EGT rock-
type in the SiO2 vs. Sr space (Fig. 3.6). In the first trend the Sr composition of the rocks slightly 
increase with decreasing SiO2 content while the slope of the negative correlation between SiO2 and 
Sr is steeply dipping. This tendency became clear observing the behaviour of the GT rocks that 
reach the highest Sr content (886 ppm). Just two GT samples plot within the first trend. The 
gabbroic rocks are unrelated with the previously described trends. The enclaves are scattered 
plotting within the gabbroic field as well as along the ETGs having low Sr content. A good negative 
correlation is shown also considering the MgO content, where the enclaves have the highest content 
(9.58 wt.% with a Mg# of 0.70) with some of them being less evolved than the gabbroic rocks. Rare 
Earth Elements for the EGT show a variable LREE enrichment giving the lowest and the highest 
(La/Yb)N content (5.08 and 47.17, respectively; Gonçalves et al., 2014), compared to the GT rocks 
((La/Yb)N 11.47 – 30.55). In contrast, GT rocks have an Eu/Eu* ratio range (0.41 – 1.20) larger 
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Figure 3.5. Main discrimination diagrams. a) TAS (K2O+Na2O vs SiO2) diagram after Wilson, (1989): EGT: enclave-rich 
tonalite and granodiorite; GT: enclave-poor granite to tonalite; GBR: gabbros; Encl: enclaves; b) MALI (K2O+Na2O-CaO) 
vs SiO2 (Frost et al., 2011) diagram separating 1) alkalic, 2) alkali-calcic, 3) calc-alkaline and 4) calcic rocks. c) Fe* [= 
FeOtot/(FeOtot+MgO)] vs SiO2 (Frost et al., 2011) subdividing (black curved line) magnesian from ferroan rocks. d) A/CNK 
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Figure 3.6. Major (K2O and CaO) and trace elements (V, Ni, Rb and Sr) against SiO2. In the Sr vs. SiO2 diagram light grey 
arrows are reported in order to show the two suggested trends. See the text for major explanations. Symbols as in Fig. 3.5b. 
Form Gonçalves et al. (2014) modified. 
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The recent works of Gonçalves et al., (2014; 2018) and Tedeschi et al. (2016) review the 
whole rock Sr-Nd isotopic data and Hf isotopes in zircons for the whole Galiléia batholith. Because 
the negative Nd, Hf and radiogenic Sri (87Sr/86Sr > 0.708) an important contribution from the 
continental crust rather than from the oceanic one was proposed for the G1 igneous rocks. The 
crustal contribution is supposed being represented by 2.0 – 1.4 Ga rocks (Archean - 
Paleoproterozoic basement and anorogenic-related rocks) with possible younger 0.8 – 0.6 Ga rocks. 
These last rocks series are thought to be mantle-related magmas in the form of mafic enclaves that 
characterize the Galiléia Batholith. Whether or not the mantle magmas have contributed to create 
mixing in these granitoids, for sure these mafic magmas gave the heat to partially melt the 
continental crust that mostly contributed for the Galiléia granitogenesis. Notably, these conclusion 
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3.3. THE SÃO VITOR-GALILEIA GRANITOIDS AND THE CORDILLERAN-TYPE 
BATHOLITHS.  
In this section I will compare the composition of the G1 granitoids with that of well-studied 
arc granitoids from the Cordilleran margin.  
Arc-related I-type batholiths chosen for this purpose are those coming from the South and 
North Patagonian batholith (Fig. 3.7a), Western and Eastern Peninsular Ranges and Sierra Nevada 
Batholiths (Fig. 3.7b). As a last case, the Bushy Point granitoids belonging to the Revillagigedo 
Island, South-eastern Alaska, (Fig. 3.7b) have been considered due to their petrographic similarity 
to the G1 granitoids.  
Figure 3.7. Map showing the location of the Cordilleran I-Type Batholiths. a) South Cordilleran batholiths. It is also 
indicated the location of the North Patagonian and South Patagonian Batholiths; b) map showing the Northern American 
Batholiths. In it are reported the location of the Peninsular Ranges, Sierra Nevada batholiths and the Bushy Point granitoids. 
The purple dotted line indicate the Sr = 0.706 boundary (Lee et al., 2007) between two different batholithic domains.  
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Although there are some differences, the here proposed diagrams (Fig. 3.8 to 3.12) show as 
the G1 granitoids overlap the whole range of the geochemical variability shown by the Cordilleran-
I-type granitoids. All the compared suites cover a SiO2 range (< 40 to 80 wt.%) that is larger than 
that of the G1 granitoids. The Eastern Peninsular Ranges Batholith (EPRB) granitoids show a gap 
between the more mafic (SiO2 ca. 42 – 52 wt.%) and more leucocratic samples (SiO2 60 – 75 wt.%), 
while the Bushy Point granitoids, although with less data available in literature, are in general the 
more silica poor. The Eastern Peninsular Ranges Batholith (EPRB) show a gap at around 60 wt.% 
of SiO2, as well. This gap is also shown by the Patagonian Batholiths, but is more restricted. 
Comparing SiO2 against the K2O/Na2O ratio (Fig. 3.8), the enclave-bearing granitoids (EGT) of the 
Galiléia pluton are mainly transitional (0.5< K2O/Na2O<1.0) with some samples falling in the sodic 
field (K2O/Na2O <0.5) and others in the potassic one (K2O/Na2O>1). The enclave-poor granitoids 
(GT) instead are intermediate, potassic and ultrapotassic. The Cordilleran granitoids cover all the 
three fields showing that there is a positive correlation between SiO2 and K2O/Na2O ratio. The G1 
granitoids mimic quite well these trend especially those that of the EPRB (Fig. 3.8). Typical of 
Cordilleran I-type granitoids and of the G1 igneous rocks is the principal slightly peraluminous to 
metaluminous character as displayed in the (A/CNK) vs. (Fe+Mg; maficity index) diagrams (Fig. 
3.9). Some of them with low maficity (Fe+Mg) ca. < 0.10 (a.p.f.u.) show a peraluminous character. 
In this case some of the EGT granitoids have (A/CNK) >1 with (Fe+Mg) content between 0.10 – 
0.15 (a.p.f.u.). In general the Galiléia granitoids (ETG and GT) have a maficity index between 0.01 
and 0.12 while the other batholiths in general range from 0.01 and ca. 0.77 (a.p.f.u.; Fig. 3.9). The 
other considered diagrams (Figs. 3.10, 3.11 and 3.12) do not show other major differences between 
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Figure 3.8. K2O/Na2O vs SiO2. South Patagonian Batholith: Hervé et al. (2007); North Patagonian 
Batholith;Pankhurst et al. (1999) and Castro et al. (2011); Western Peninsular Ranges Batholith and Eastern 
Peninsular Ranges Batholith:Lee et al. (2007); Sierra Nevada Batholith: Baterman et al. (1984) and Cecil et al., 
2011; Bushy Point granitoids: Arth et al (1988) and Cook et al. (1991) and Crawford et al. (2005). Other symbols 
as in Fig. 3.6b. 
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Figure 3.10. MALI vs. SiO2 for granitoid rocks (Frost et al., 2001). The numbers indicate 1) alkali, 2) alkali-calcic, 3) calc-
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Figure 3.11. Fe* [FeTot/(FeOTot+MgO)] vs. SiO2 diagram for discriminate ferroan and magnesium granitoids (Frost et al., 
2001). Symbols as in Fig. 3.5b and Fig. 3.8. 
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Figure 3.12. MgO vs. SiO2. For the Southern and Northern Patagonian Batholiths it has been reported the Patagonian silica 
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From a petrographic point of view, the Galiléia Batholith with respect to the here considered 
Cordilleran granitoids, have a peculiar mineral assemblage, that is, the diffuse ubiquitous presence 
of garnet and epidote. Even though the latter mineral is present in most of the batholiths (South and 
North Patagonian Batholith, Western and Eastern Peninsular Ranges Batholith and Sierra Nevada 
Batholith) only within the Bushy Point granitoids similar petrographic features have been met 
(garnet + epidote). Also the mineral chemistry seems to be identical (Nalini, 1997). Interestingly 
Zen & Hammarstrom, (1984a, 1984b), for similar mineralogical assemblage, constrain the 
granitoids emplacement above 0.8 GPa, with a temperature no less than 700°C. 
3.3.1 Petrogenetic models for the G1 plutonic rocks and tectonic implications 
Recently, Gonçalves et al. (2014) have presented 2 petrogenetic models for the genesis of 
the G1: 
 Melting, assimilation, storage and homogenisation (MASH) model, process in which 
mantle-derived melts fractionate, assimilate crustal rocks and emplace at shallow levels 
within the pre-existing crust; 
 The second model suggest that I-type granitoids could be the product of  partial melting of 
pre-existing acidic to intermediate biotite and hornblende-rich metasedimentary and/or 
igneous rocks, coupled with the entrainment of a peritectic minerals, most probably 
pyroxene and plagioclase (Clemens et al. 2011). 
The work of Gonçalves et al. (2014) is mostly based on a careful review of literature data and 
although these authors have discussed wisely the models, many question still remain open about 
how the Galiléia granitogenesis.  
The two models differ based upon the role played by mantle-derived magmas in the genesis of 
the G1 granitoids. Following the first model, mantle-derived magmas are of primary importance for 
the genesis of these rocks with fractional differentiation playing an important role in shaping the 
composition of the original mantle-derived component, thus allowing efficient mixing between 
crust- and mantle-derived end-members. The opposite view, regards the mantle as the primary heat 
source triggering melting of a heterogeneous source made of biotite and biotite + hornblende 
sources. In this view, the composition of the granitoids is controlled by the temperature of fluid-
absent reaction and by the primary heterogeneity of the crustal sources, and the presence of 
widespread occurrence of magmatic enclaves could be witnesses of magmatic underplating 
generating the heat. These models, although to some extent are reconcilable differ mainly in the 
volume of crustal growth that took place during genesis of G1 granitoids. Both models seem to be 
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able to account for the major element composition of I-type granitoid as already pointed out by 
(Clemens & Stevens, 2012).  
The model of mixing between mantle- and crust-derived melts is the one adopted to explain 
the general arc-related intermediate to silicic magmatism. In fact the overall similarity between the 
rocks of the G1 Supersuite, with the typical arc-related Cordilleran-type granitoids described 
elsewhere, had led many authors to interpret that these rocks formed in response to subduction 
processes and crustal thickening (Pedrosa-Soares et al., 1992, 1998, 2001, 2011; Alkmim et al., 
2006; Gonçalves et al. 2014; 2016; 2018). More specifically Pedrosa-Soares and co-workers 
suggest that the extensive granitic magmatism that occurred within the Araçuaí Arc, was due to the 
consumption of a large amount of Neoproterozoic oceanic lithosphere, which produced arc-derived 
mantle-melts that in turn triggered the melting of the overlying Paleoproterozoic basement, and 
subsequently mafic and crustal melts mixed together. Explanation for this hybrid signature is the 
presence of gabbros, mafic enclaves and the crustal signature of the Sr and Nd isotopes. 
Involvement of Transamazonian crustal rocks is suggested by the inherited Paleoproterozoic ages in 
zircons and by the Nd TDM model ages (1.2 – 2.1 Ga). Support to this geodynamic model comes 
also from the presence of ophiolitic slivers with an N-MORB signature (e.g. Pedrosa-Sorares, 
1998), the fact that the G1 magmatism predate the G2 collisional magmatims (Pedrosa-Soares et al., 
2011) and by the presence of arc-related volcano-metasedimentary rocks (Vieira, 2007).  
The second model, that basically argues for the recycling of the continental crust, see little 
or not involvement of oceanic lithosphere subduction (Nalini, 1997). This author suggest that the 
genesis of the G1 granitoids is a function of a continental collision without participation of a 
lithospheric subduction. Evidence supporting this model are: 1) the negative εNd and high values of 
87Sr/86Sr suggest essentially the involvement of only crustal-derived melts in the genesis of the Rio 
Doce granitoids, while the basic magma which produced the enclaves could be derived by the 
melting of hydrated, basic, lower crustal rocks. In turn these enclaves once interacting with more 
felsic melts would have undergone isotopic re-equilibration; 2) the Archean to Early Proterozoic 
model ages obtained for  the Galiléia granitoids and enclaves may indicate low mantle contribution, 
so low juvenile crustal accretion during the Brasiliano Orogeny; 3) the transpressive behaviour of 
the shear zone characterizing the Araçuaí orogen and all the Brazilian Atlantic coast, seems have 
reached the deepest part of the lower crust and controlled the emplacement of the granitoids and 4) 
the lacking of a continuous ophiolitic alignment along the 3000 km of the Atlantic Brazilian Shear 
zone, although the pieces of slivers up to now investigated suggest a MORB affinity. Support to this 
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model is also the finding of inherited Paleoprotoerozoic zircon ages found in the G1 granitoids as 
well as within their enclaves.  
Thus both of the models and the respective tectonic implications have some limitations. 
In the first case, the strong crustal signature of the Sr and Nd isotopes implies large amounts 
of assimilated wall rocks. Unfortunately this is in disagreement with the thermal limitations (see 
Glazner, 2007) for the incorporation of the crustal rocks within the basaltic magmas. Moreover for 
this case, the gabbroic rocks should occur at least 3 or 4 times than the contemporaneous granitoids, 
fact that in the case of the Araçuaí orogen is not subsistent since the gabbroic rocks are not so 
widespread due to either lack of detailed studies or due to collisional and post-collisional crustal 
delamination.. Furthermnore, neither the fractional crystallization is not able to explain the great 
chemical variability of these plutonic rocks (Gonçalves et al., 2014). Finally, the nutcracker model 
(i.e confined orogen with restricted subduction process) seems not compatible with the volume of 
granitic magma represented by the Galiléia batholith. This would require a long-lived subduction, 
evidence against the nutcracker model.  
The second model that take in consideration the recycling of the basement rocks due to a 
continent-continent collision, to be applicable, on one hand must explain the presence of ophiolitic 
slivers, that in recent geological maps, are clearly aligned along the probable subduction suture. In 
the other hand seems unlikely to generate such volume of melts over a period of > 60 Myrs. In 
conclusion, the above presented models are both applicable in some ways, but their petrological, 
thermodynamic and tectonic limitations, make the study of the G1 and the related geodynamic 
implications, truly challenging. Therefore a more in-depth study must be done, to constrain better 
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CHAPTER 4 
MAGMATIC GARNET IN CORDILLLERAN-TYPE GALILÉIA 
GRANITOIDS OF THE ARAÇUAÍ BELT (BRAZIL ): EVIDENCEFOR 
CRYSTALLIZATION IN THE LOWER CRUST 
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Magmatic garnet, together with epidote, is a rare mineral association in cordilleran-I-type granitoids and of spe-
cial petrogenetic signiﬁcance. The metaluminous to slightly peraluminous (ASI = 0.97–1.07) Galiléia batholith
(Brazil) is a large (ca. 30,000 km2), Neoproterozoic (ca. 632–570 Ma) weakly foliated calc-alkaline granitoid
body, characterized by the widespread occurrence of garnet (grossular 25–43 mol%) and epidote (pistacite
9.3–22.7 mol%). Field, petrographic and mineral chemical evidence indicates that garnet, epidote, biotite as
well as white mica crystals (low-Si phengite), are magmatic. There is no difference in bulk rock major and
trace element composition between the Galiléia granitoids and other garnet-free cordilleran-type granitoids
worldwide. This evidence strongly suggests that the origin of the uncommon garnet+ epidote parageneses is re-
lated to the conditions of magma crystallization, such as pressure, temperature and water content. Comparison
between themineral assemblages andmineral compositions from this study and those recorded in crystallization
experiments on metaluminous calc-alkaline magmas, as well as within garnet-bearing metaluminous volcanic
rocks and granitoids, indicates that the supersolidus coexistence of grossular-rich garnet, epidote and white
mica is consistent withmagma crystallization at pressures greater than 0.8 GPa (above 25 kmdepth) and at tem-
peratures below 700 °C, i.e. near the water saturated solidus. Furthermore, resorption textures around garnet
(plagioclase ± quartz coronas) and epidote suggest that these minerals have been partially consumed prior to
complete crystallization. These ﬁndings demonstrate that at 630 Ma the crust underneath the Araçuaí Orogen
was already at least 25–30 km thick and relatively cool. However, this contrasts with the marked high heat
ﬂow registered from the neighbour Carlos Chagas Batholith located 50 km to the east. In fact such granitoids re-
cord granulite-facies metamorphism at the same pressure and time (ca. 570 Ma) of Galiléia granitoids crystalli-
zation. Thus, a more suitable geodynamic scenario is required in order to explain these two contrasting thermal
regimes within the same orogen. Eventually, ﬁeld, petrographic and mineral chemical analogies with similar
garnet-bearing granitoids located in the fore-arc settings of the British Columbia subduction zone, possibly
imply that the Galiléia granitoids represent “rare” garnet- and epidote-bearing metaluminous Cordilleran-I-
type granites which can only form in a fore-arc setting.








Garnet is a common minor component of peraluminous granites
formed via partial melting of Al-rich metasedimentary rocks (i.e. S-
type granites). In these rocks, garnet has been shown to be commonly
peritectic, produced by biotite incongruent melting of the metapelitic
source of the S-type magma, or due to partial melting of
metasedimentary country rock which the magma intruded (Erdmann
et al., 2009; Lackey et al., 2012; Melo et al., 2016). Furthermore, garnet
has also been proposed to represent entrained crystals from the source,
that were not involved in the anatectic process (i.e. a resistate crystal,
Vernon, 2007) or a xenocryst incorporated from the wall rock during
the ascent and emplacement of the granitic body (Clarke, 2007). On
the other hand, many studies have shown that garnet in S-type granites
can also bemagmatic in origin (e.g. Allan and Clarke, 1981; Barnes et al.,
2012; Dalquist et al., 2007; Harrison, 1988; Lackey et al., 2012; Miller
and Stoddard, 1981; Villaros et al., 2009). In addition, when subjected
to metamorphism at suitable conditions, granites may develop meta-
morphic garnet. A good example is reported by Vielzeuf and Schmidt
(2001), where Hercynian granitoids subjected to high pressure meta-
morphism during Alpine orogenesis developed garnet aureoles around
biotite and plagioclase.
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In metaluminous cordilleran-type granites as well as in
metaluminous volcanic rocks, garnet is extremely rare and few natural
occurrences have been reported in the literature (e.g. Bach et al.,
2012; Barnes and Allen, 2006; Dawes and Evans, 1991; Day et al.,
1992; Evans and Vance, 1987; Harangi et al., 2001; Samadi et al.,
2014). Crystallization experiments (e.g. Alonso-Perez et al., 2009;
Green, 1972, 1977, 1992; Green and Ringwood, 1968; Schmidt, 1993;
Schmidt and Thompson, 1996) onmetaluminous andesitic and tonalitic
to granodioritic compositions show that garnet is stabilized at high
pressures and at low temperatures, inmagmas that arewater-rich (typ-
ically in the range of 5–10 wt.% H2O). The rare occurrence of garnet in
such compositions in the plutonic record suggests that these conditions
are rarely achieved (or preserved) in nature. Metaluminous granites
and volcanic rocks with dacitic–rhyolitic composition can also be char-
acterized by another uncommon magmatic mineral: epidote (Brandon
et al., 1996; Schmidt, 1993; Schmidt and Poli, 2004; Schmidt and
Thompson, 1996; Zen and Hammarstrom, 1984a, 1984b). More than a
decade ago, Schmidt and Poli (2004) reported 19 occurrences world-
wide. Since then an increasing number of scientiﬁc works reported its
presence in other cordilleran-type granitic plutons and batholiths. As
with garnet, epidote can be eithermetamorphic ormagmatic.Magmatic
epidote is commonly interpreted to indicate crystallization at
moderate- to high-pressures (N0.6 GPa), with water saturation of the
magma (≥10wt.% of H2O) (Schmidt and Thompson, 1996). Experimen-
tal evidence (Holdaway, 1972; Liou, 1973; Schmidt and Poli, 2004;
Schmidt and Thompson, 1996) indicates that epidote stability is depen-
dent on melt composition and ƒO2 state, with crystallization being
favoured in metaluminous granodioritic to tonalitic compositions in a
relatively oxidized environment (i.e. NNO oxygen buffer). In addition,
epidote appears to crystallize together with garnet only above approxi-
mately 1.2 GPa (Schmidt and Thompson, 1996).We combined informa-
tion on occurrences of magmatic garnet (Samadi et al., 2014) and
epidote (Schmidt and Poli, 2004) inmetaluminous intrusives and volca-
nic rocks worldwide and there appear to be only few localities where
magmatic garnet and epidote have crystallized together. These include:
the garnet–epidote bearing dikes cropping out in the Front Range,
Colorado (Dawes and Evans, 1991; Evans and Vance, 1987); the
Dehnow pluton, north east Iran (Samadi et al., 2014); the Bushy
Point Granites, south eastern Alaska (Arth et al., 1988; Zen and
Hammarstrom, 1984a, 1984b); the Jinshan Intrusion associated with
the Dabie Orogenic belt, China (e.g. Xu et al., 2013) and the subject of
this study, the 30,000 km2 Neoproterozoic Cordilleran-type Galiléia
Batholith, located within the Araçuaí Orogen, Brazil (Mondou et al.,
2012; Nalini, 1997; Nalini et al., 2000, 2005, 2008; Vauchez et al.,
2007). Garnet and epidote-bearing assemblages have been reported
throughout the Galiléia batholith but the origin of both minerals
has not been accurately constrained. Detailed ﬁeld and petrographic
investigations coupled with mineral chemistry, whole rock
geochemistry and comparison with the assemblages and mineral
compositions produced in high pressure experiments, are used
here to shed light on the origin of garnet and epidote in the Galiléia
batholith.
2. Geological background
2.1. General background of the Araçuaí Orogenic Belt
The Araçuaí Orogenic Belt, together with its African counterpart (the
West Congolian Belt), was formed during the Brasiliano/Pan-African
orogeny (ca. 640–520Ma; e.g. Alkmimet al., 2006). This orogen, located
in south-eastern Brazil (Fig. 1a), lies between the Atlantic Ocean and the
São Francisco Craton. Different tectono-stratigraphic schemes have
been proposed to describe the architecture of this orogen. Pedrosa-
Soares et al. (2001) and Pedrosa-Soares and Wiedemann-Leonardos
(2000) proposed its subdivision into external, internal and northern do-
mains, while Mondou et al. (2012) and Vauchez et al. (2007) adopted
another subdivision (Fig. 1b) deﬁning a Western Domain (or Western
Mylonitic Unit), a Central Domain (or Central Plutonic Unit) and an
Eastern Domain (or Anatectic Unit). Each domain is separated through
major thrust zones (Fig. 1b; e.g. Vauchez et al., 2007). The Western
Domain, which has been thrust over the eastern São Francisco Craton
(mostly made up of gneiss and Al-quartzites), consists of high-
temperature (~750 °C) and relatively low-pressure (~0.6 GPa)
metasedimentary mylonites crosscut by abundant syn-kinematic
garnet–cordierite-bearing leucocratic veins (570–580 Ma, LA-ICP-
MS U–Pb zircon andmonazite ages; Petitgirard et al., 2009). The Cen-
tral Domain is mainly represented by Neoproterozoic (ca.
632–570 Ma) I-type granitoids which intrude the Paleoproterozoic
basement (ca. 2.2–2.0 Ga) represented by the Pocrane gneiss
Complex, and by the arc-related Rio Doce metasediments (Fig. 1c)
(Gonçalves et al., 2014 and reference therein). According to
Pedrosa-Soares et al. (2001) and Pedrosa-Soares et al. (2011) the
granitoids and themetasediments are grouped together into the gra-
nitic 1 (G1) supersuite and are thought to be related to the pre-
collisional stages of the Brasiliano orogeny that build up the Araçuaí
orogen (Pedrosa-Soares et al., 2001). The Eastern Domain is
subdivided into the Nova Venecia complex composed of migmatites,
granulites and granites (e.g. Richter et al., 2015) and into the Carlos
Chagas batholith characterized by peraluminous S-type granitoids
(e.g. Melo et al., 2016). These rocks, according mainly to their
location, ages and geochemistry (Pedrosa-Soares et al., 2001), are
subdivided in syn-collisional (G2, 585–560 Ma), late collisional
(G3; 560–530 Ma) and post-collisional (G4–G5, 530–480 Ma)
supersuites. Small igneous bodies belonging to the G2, G4 and G5
supersuites, intrude into the Central Domain.
2.2. The Galiléia Batholith
The granitoids of the G1 supersuite (Fig. 1b, c) consist of
orthopyroxene-rich (i.e. charnockites) and orthopyroxene-free granites
and granodiorites, the latter forming the so-called Galiléia Batholith and
displaying variable amounts of maﬁc microgranular enclaves (MME)
(e.g. Gonçalves et al., 2014). The batholith extends roughly north–
south for ca. 600 km, almost the entire length of the Araçuaí orogen,
covering an area of approximately 30,000 km2 (Fig. 1a) (Gonçalves
et al., 2014; Pedrosa-Soaeres et al., 2011; Pedrosa-Soares et al., 2001;
Vauchez et al., 2007). Based on ﬁeld evidence, mineral textural studies
and geochemical features, Gonçalves et al. (2014) have recently further
subdivided the Galiléia batholith into a suite of enclave-rich tonalite–
granodiorite rocks and a suite of enclave-poor tonalitic to granitic
rocks. These two suites, appear to occur throughout thewhole batholith
(Fig. 1b and c). Geochemically, the opx-free granitoids resemble
medium- to high-K metaluminous Cordilleran-type granitoids, and are
interpreted as being produced during the Rio Doce arc-related
magmatism; they are suggested to be derived from the partial melting
of the Paleoproterozoic basement due to underplating ofmantle derived
magmas (e.g. Gonçalves et al., 2014). However, assimilation of host
rocks, fractional crystallization during the ascent of mantle-derived
magmas, ormixingbetweenmantle derivedmagmawith felsicmagmas
of crustal origin have also been proposed as possible processes that
might have shaped the Galiléia igneous rocks (e.g. Gonçalves et al.,
2014).
Recently, Tedeschi et al. (2016) presented newages for thewhole G1
granitoid suite and reviewed the age information available from previ-
ous studies. The entire age spectrum demonstrates that the G1 granit-
oids have magmatic zircon crystals indicating intrusion between 632
and 570Ma. Tedeschi et al. (2016) identify three main intervals of crys-
tallization ages: 632–605 Ma, 600–590 Ma and 585–570 Ma (Fig. 13 in
Tedeschi et al., 2016), which have been suggested to represent three
mainperiods of granitogenesis thus corresponding to threemain phases
of construction of the Rio Doce arc.
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2.3. The Rio Doce metasedimentary host rocks
The Rio Doce metasediments are poorly studied. In the studied area
an unpublished work (Vieira, 2007) has proposed that these rocks
underwent medium pressure amphibolite facies metamorphism with
pressure estimates from empirical geobarometry on garnet-bearing
rocks of approximately 0.5 GPa. The study was conducted on areas
far from the contact with the Galiléia granitoids. Cunningham et al.
(1996) and Nalini et al. (2008) report that the Galiléia granitoids have
both intrusive and tectonic contacts with the Rio Doce metasediments.
Mondou et al. (2012) suggested also that intrusion was contemporane-
ous with pervasive deformation in the Rio Doce metasediments.
3. Results
This study focuses on the granites belonging to the enclave-rich unit
in the central part of the Galiléia batholith (Fig. 1b and c), previously in-
vestigated by Gonçalves et al. (2014), Mondou et al. (2012), Nalini
(1997), Nalini et al. (2000, 2005, 2008) and Vauchez et al. (2007). The
study area covers ca. 4000 km2. In this paper we use the name
Galiléia granitoids to refer to the enclave-rich granitoids of the
Galiléia batholith. A description of the analytical methods used as
well as the complete dataset comprehensive of bothmineral chemis-







































































Fig. 1. Schematic geological map of the Araçuaí Orogen and Galiléia granitoids (modiﬁed after Vauchez et al., 2007). (a) Location of the Araçuaí Orogen (red rectangles) and Galiléia
batholith in Brazil; SFC: São Francisco Craton; (b) Subdivision of the Araçuaí Orogen inWestern, Central and Eastern domainwhile black bold and dotted lines aremajor thrusts separating
each domain (after Vauchez et al., 2007); red polygon indicate the study area; (c) Geological map of the central part of the Galiléia batholith; In (a) and (b): BH: Belo Horizonte; CP:
Conselheiro Pena; GV: Governador Valadares; RJ: Rio de Janeiro; V: Vitoria. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)
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3.1. Field relationships
The studied rocks consist of medium-grained tonalites, granodio-
rites, and subordinate granites (Fig. 2), that are either equigranular or
porphyritic, with the latter texture reﬂecting the presence of feldspar
crystals (≥1 cm) larger than the respective matrix minerals. Less com-
monly, coarse- and ﬁne-grained examples of tonalite and granodiorite
also occur. The granitoids are typically weakly deformed showing a foli-
ation that is deﬁned by the orientation of biotite and amphibole crystals
andmarked by the long axis of stretched maﬁc enclaves (Fig. 2a and b).
The foliation has a dip ranging from 50° to 80° towards NE or SW (see
also Nalini et al., 2008). Some outcrops display evidence for the coexis-
tence of slightly different varieties of granite, one more melanocratic
and the other more leucocratic (Fig. 2c). Based on petrographic and
ﬁeld observations, major rock-forming minerals are plagioclase
(32–42 vol.%), quartz (15–33 vol.%) and K-feldspar (1.5–14 vol.%). Bio-
tite, amphibole and garnet are the main maﬁc minerals (see also
Gonçalves et al., 2014), with biotite being the most abundant, forming
up to 19 vol.%. Hornblende is not ubiquitous and occurs in ca. 80%
of the outcrops, sometimes forming crystals of up to 1 cm in size and
making up 3–18 vol.% of the rock. Garnet forms a minor component of
the rocks up to 2 vol.%. A detailed description of the procedure used
for the vol.% estimation is given in Section 3.1.1. Accessory minerals
are epidote, allanite, titanite, apatite, zircon, pyrite and pyrrhotite,
while oxide minerals such as magnetite and ilmenite are rare.
Tonalites and granodiorites are characterized by different amounts
of maﬁc microgranular enclaves (MME) (Fig. 2a, b, and d). MMEs can
be lobate, stretched, lenticular, and sometimes showing bridge struc-
tures (Fig. 2a, b, e and f, respectively). In agreement with Nalini et al.




Fig. 2. Field features of the Galiléia granitoids. Typical appearance of a: (a) garnet-bearing enclave-rich granitoids, (b) garnet-free granitoid containing widespread MMEs (≥7 MME/m2),
(c) coexistence of a melanocratic and leucocratic granitic magmas as indicated by the red arrows, (d) MME-free garnet-bearing granite; (e) rounded composite enclave reaching almost
4 m in width; (f) stretched enclaves. Note the bridge structure, possibly due to deformation in sub-magmatic state; (g) stretched enclaves swarm in a composite dyke. Brown and blue
hammer are 60 and 32 cm in length, respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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direction and exhibit variable aspect ratios (length/width = 2:1 to ca.
10:1). The most stretched enclaves occur in outcrops where the granit-
oids are both strongly and weakly deformed (Fig. 2a and b, respective-
ly). The stretched maﬁc enclaves in the weakly deformed granites (i.e.
Fig. 2b) have aspect ratios that are inconsistent with the weak fabrics
in the matrix around the enclaves, conﬁrming that they represent a
strong magmatic state lineation produced by magma ﬂow (e.g.
Paterson et al., 1998). In the least deformed outcrops, MMEs have also
variable sizes reaching occasionally up to 4 m in length (Fig. 2e), while
in other areas they are small (b2 cm) and can easily be misinterpreted
as biotite clots. In order to quantify their abundance, MME counting
(MME/m2, Fig. 3a) was performed using an area of 5 × 5 m, for a total
of 30 outcrops. Where possible, more than one area was analysed for
each outcrop. In the counting procedure, only those MMEs that were
at least for three-quarters of their area inside the grid were counted.
MME counts range between 0 and 7 MME/m2, with values between
1.70 and 3.30 MME/m2 being typical (Fig. 2a, c, d).
3.1.1. Garnet abundance and distribution
Garnet is widespread in the Galiléia Batholith and garnet counting
(garnet crystals/m2, Fig. 3b)was performed in order to describe the var-
iation in the number of macroscopically visible crystals per m2; a grid
area of 10 × 20 cm was used. Counting was conducted for 30 outcrops.
In this case, up to ﬁve areas were counted per each outcrop, with
the grids randomly distributed on the surface of the outcrop and
separated by distances of more than 1 m in order to avoid counting
bias. Within individual outcrop the garnet crystal/m2 counts do not
vary signiﬁcantly. Consequently, the average values calculated are


































































Fig. 3. Garnet and maﬁc enclave counting. MME (a) and garnet (b); counts for 30 outcrops. The grids used for counting were 25 m2 (5 × 5 m) for MMEs and 200 cm2 (10 × 20 cm) for
garnets (later converted in m2). The lowest garnet counts (Grt/m2 b 50) represent 0 vol.%, while the highest reach almost 2 vol.% of the outcrop. Note that the area is the same as in
Fig. 1c and this counting procedure covered all the entire area, that is ca. 4000 km2; (c) Average garnet vs. MME counts; (d) and (e) MME/m2 and Grt/m2 are plotted against granitoid
SiO2 content; in (f) the Grt/m2 is plotted against the CaO (see the text for more explanation). Note that for some of the samples here plotted, the chemical analyses will be reported
elsewhere.
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The number of garnet crystals perm2 varies from 0 to amaximum of
2500. This equates to a variation from 0 up to ca. 2 vol.%. Nevertheless,
most of the batholith has a garnet crystal abundance between 300 and
1300 crystals/m2. There is no relationship between garnet abundance
and degree of rock deformation. Moreover, there is no relationship be-
tween the abundance of garnet crystals and proximity to contacts
with the country rocks (Fig. 3b), nor with the presence of country rock
xenoliths. Additionally, there is also no relationship between the num-
ber of garnet crystals and the abundance of maﬁc enclaves (Fig. 3c) or
with the geochemistry of the rocks. In fact the MME and garnet abun-
dance results in a scattered behaviour when compared with bulk rock
SiO2 and CaO concentrations (Fig. 3d, e and f). Garnet is found mostly
in granodiorites with the exception of the only tonalite sampled. Garnet
ranges in size from 1 to 6mmwith an average of less than 2mm(Figs. 4
and 5). Crystals typically have a dark red core surrounded by an orange
rim. In the ﬁeld, garnet exhibits a range of habits that occur with differ-
ent associations, irrespective of the degree ofmatrix deformation. These
are: 1) anhedral to subhedral crystals mantled by or included in sub-
hedral feldspars in porphyriticweakly deformed to non-deformed gran-
itoids (Fig. 4a and b, respectively); 2) skeletal crystals showing evidence
of resorption associated with plagioclase and biotite in textures that
suggest that these minerals have replaced garnet (Fig. 4c) and
3) euhedral garnets in amphibole-bearing granitoids (Fig. 4d). More-
over garnet appears to also have been transferred from the granite to
the MMEs during mingling between the felsic and intermediate to
maﬁc magmas. This occurred directly as dispersed single crystals as
well as after being included in subhedral feldspar (Fig. 4e).
3.2. Petrography
The Galiléia granitoids display four different ferromagnesian
mineral associations which are reported in order of abundance:
1) biotite + garnet (Bt + Grt), 2) biotite + amphibole + garnet
(Bt + Amp + Grt), 3) biotite + amphibole (Bt + Amp), and 4) biotite
(Bt), with epidote ubiquitous in all these rocks.
3.2.1. Major and minor rock-forming phases
Biotite (Figs. 5 and 6) varies in colour from dark brown to reddish,
with euhedral and subeuhedral habitus, rarely exceeding 2mm; apatite,
zircon and epidote are common inclusions. Biotite is also found as inclu-
sionswithin garnet, amphibole and plagioclase. The colour of biotite in-
clusions is identical to the matrix biotite and these crystals are always
smaller than 1mm. In theMMEs, biotite always appears to be in textural
equilibrium with the other minerals, and as in the granites, biotite
deﬁnes the foliation.
The rocks contain several different types of plagioclase. The most
common type is represented by subhedral crystals that vary in size
from less than 1 mm up to 5 mm (Figs. 4, 5 and 6). These crystals are
slightly zoned and showundulose extinction. Plagioclase (±quartz) co-
ronas around garnet, as well as plagioclase inclusions within garnet,
share these characteristics. Plagioclase also occurs as larger (10 to
15 mm) crystals that have euhedral to subhedral An-rich cores
surrounded by more sodic rims (Fig. 6j); these crystals are also found
within the MMEs (Fig. 6k). Cracked and zoned epidote can be found
as inclusionswithin the plagioclase (Fig. 6c). The presence of plagioclase
showing intragranular fracturesﬁlled by latemagmaticminerals such as
quartz andK-feldspar is also recognized. This possibly representsmicro-
fractures developed in the presence of late stage melt (Fig. 6l). Alkali-
feldspars occur either as larger (0.5 to 5 mm) perthitic microcline or
smaller interstitial (0.2–0.7 mm) crystals, showing undulate extinction
and weak deformation, respectively. They are also included in garnets.
Amphibole is present in the granitoids as well as within MMEs, and
always occurs with lower modal abundance than biotite. Amphiboles
are euhedral to subhedral with sizes comprising between ca. 0.1
and 0.8mm, although larger amphibole (N1 cm) also occurs. Inclusions
in amphibole comprise biotite, plagioclase, apatite, zircon, titanite,
ilmenite, primary sulphides, quartz and occasional epidote. Amphi-
bole in the maﬁc enclaves displays a slightly more resorbed aspect
relative to that in the granite, resulting in subhedral to anhedral




Fig. 4.Garnet ﬁeld relationships. Garnets are indicatedwith arrows. Sizes are between 1 and 6mmwith an average of 3mm; (a) anhedral garnet included in subhedral feldspar inweakly
deformed granites; (b) subhedral radial garnet included in feldspar with evident biotite inclusion; (c) garnet in net disequilibrium and texturally associated with plagioclase feldspar and
biotite; (d) euhedral garnet in amphibole bearing weakly deformed granite; (e) MME containing garnets occurring both as single crystals and included in subhedral feldspar; note the
stretched character of the enclave hosted in weakly deformed granite; (f) garnet-free MME in garnet-bearing granites. The match head is 5 mm while grey and yellow coins are 2 and
2.5 cm, respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Garnet crystals are commonly cracked and as already evidenced
from ﬁeld observations, they exhibit different textures. Following their
shapes, garnet crystals have been subdivided in two types: anhedral/
skeletal and subhedral/euhedral. Except for a single rock (Fig. 5a–d),
all the samples contain only one garnet type. It is noteworthy that no
correlation between crystal shape and mineral assemblage of the gran-
itoid has been observed (i.e. amphibole-bearing or amphibole-free
granitoids) (cf. Fig. 5a–g). Additionally, and regardless of their shape,
garnet crystals may or not contain inclusions. A subset of subhedral
crystal garnets exhibit weakly to pronounced resorbed rims without
any recrystallization or surrounding pressure shadow texture (Fig. 5a–
g). Garnet is commonly mantled by plagioclase ± quartz coronas,
which occasionally are surrounded by an external biotite corona,
which in some cases pseudomorphs the original crystal, suggesting
complex garnet replacement reactions (Fig. 5b, c). Inclusion assem-
blages within garnets comprise mostly quartz (30–36%), plagioclase
(19–20%), titanite (15–16%), epidote (10–12%) and biotite (9–11%).
Whitemica, apatite, zircon, and in rare cases amphibole, K-feldspar, pri-
mary sulphides and zoisite are also recognized (10–12%). The inclusions
are randomly distributedwithin the garnet crystals and,with the excep-
tion of zoisite (Fig. 6f), the inclusion assemblage corresponds to the
mineral association constituting the matrix of the granitoids (Figs. 5
and 7a, b). Garnet within the maﬁc enclaves displays spongy-like tex-
tures resulting from intense resorption of both rims and cores
(Fig. 5h), thus suggesting that garnet crystals originally formed in the
granite were transferred into the enclave. In this latter, in a more
maﬁc and probably hotter magma, garnet was in strong disequilibrium
(Fig. 5i). The few well-preserved garnet crystals within the MMEs host
abundant inclusions of biotite, plagioclase, titanite, epidote and quartz
(Figs. 5h, i and 7c), with these inclusionsmatching themineralogical as-
semblage of the hosting granitoid rather than that of theMME. In partic-
ular, the amphibole crystals that form a signiﬁcant fraction of theMMEs
are never observed as inclusions in the garnets.
3.2.2. Main accessory phases
Epidote crystals are small (≤1 mm), with euhedral to subhedral
shapes (Fig. 6a, b and c). In the granitoids and in the MMEs epidote ap-
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Fig. 5.Garnet petrography: (a) to (e) garnet in Bt+Grt granitoids; (f) and (g) garnets in Bt+Amp+Grt granitoids; (h) and (i) garnets inMMEs; (a) to (d) anhedral to subhedral garnets
within the same thin section belonging to a slightly deformed granitoids; (a) inclusion-rich anhedral garnet having resorbed rims, mostly surrounded by biotites; note the random
distribution of the inclusions; (b) and (c) inclusion-poor anhedral garnet with well-developed plagioclase ± quartz and biotite coronas pseudomorphosing previous garnet shape;
(c) is at crossed nicols; (d) inclusion-poor subhedral garnets showing different levels of rims resorption and plagioclase coronas; inclusions are localized only at the top left coupled
with the increasing in grossular content (cf. Fig. 7b); (e) anhedral–skeletal garnet within weakly deformed granites (cf. Fig. 4c) with inclusion of primary white mica (Wm1) replacing
magmatic plagioclase (cf. Fig. 6f); (f) randomly-distributed inclusion-rich euhedral garnet showing weakly resorption as also highlighted in Fig. 7a; (g) inclusion-rich subhedral garnet
in weakly deformed granitoids with evident plagioclase resorption; (h) garnet having spongy-like texture probably as a consequence of geochemical disequilibrium with respect the
host MME; this texture is not evident for the garnets hosted in the granitoids; the mineral inclusions assemblage in this garnet (cf. Fig. 7c) as well as those from (a) to (g) matches the
mineral matrix assemblage of the host granitoids; (i) garnet crystal in MMEs almost completely resorbed; eventually, despite belonging to weakly deformed granitoids, none of the
garnets crystal show any pressure shadows or recrystallization front around their resorbed rims; Other explanations in the text. Mineral abbreviations as in Whitney and Evans (2010).
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only rarely in amphibole. In the matrix, epidote rims surrounding
allanite cores are generally zoned, and are located between amphibole,
plagioclase andbiotite and/or plagioclase and biotite (Fig. 6a, b and c, re-
spectively). Epidote, like garnet, shows resorption textures, especially
when in contact with plagioclase (Fig. 6a, b). Epidote inclusions
(≤0.1 mm) (Fig. 6b top left) occasionally display allanite cores, and
whenhosted in biotite or hornblende, they usually show subhedral hab-
itus. In plagioclase, epidotes are raggedwith corroded, curvilinear sharp
rims and cracks, which are not observed in the surrounding plagioclase
(Fig. 6d and e). The latter features have been previously reported by
Chang and Andronicos (2009) and Zen and Hammarstrom (1984a,
1984b)whose proposed contrasting interpretation. The epidote crystals
are only rarely in between biotite and quartz in the Bt-free garnet
granodiorite.
White mica is widespread within Bt + Grt bearing rocks. It is ob-
served with a subhedral magmatic habitus forming crystals of up to
ca. 1 mm in size (Fig. 6g) and as inclusions in garnet (Fig. 6f). Relatively
large crystals of white mica are commonly associated with biotite
(Fig. 6g) while small crystals (b0.3 mm) are often included in garnet
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Fig. 6.General petrography. (a) and (b) Epidote inmatrix crystallized between biotite and plagioclase while in (c) also between amphibole; note in (b) top left thewell preserved epidote
inclusion in biotite with evident allanite core; in the matrix epidote rim surrounding allanitic cores are preserved because mantled by biotite and absent due to plagioclase resorption;
(d) and (e) epidote inclusions in plagioclase; these inclusions are skeletal/ragged, cracked, zoned and mostly have corroded rims; secondary white micas (Wm2) are sericitic micas;
(f) zoisite inclusion in garnet, the latter being replaced by a plagioclase corona; zoisite in contact with garnet has a darker colour than the part of the crystal in contact with
plagioclase; (g) primary white mica (Wm1) in matrix is replacing magmatic biotite; in (h) Wm1 is armoured by garnet; (i) Wm1 included in garnet while is replacing plagioclase;
(j) and (k) plagioclase with An-rich cores surrounded by more sodic rims in granitoids and MME, respectively; (l) micro-fractured plagioclase ﬁlled by late stage quartz and K-feldspar.
Except (f), all the other ﬁgures are in crossed nicols.
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these two minerals (Fig. 6h and f). Sericite, formed as a partial replace-
ment after some plagioclase crystals, and very minor replacement after
minerals by chlorite, are the only secondary minerals recognized in the
rocks.
3.3. Mineral chemistry
All garnets represent almandine–grossular–spessartine solid solu-
tions with ubiquitously low pyrope content (b7 mol%). Grossular
(XGrs) and spessartine (XSps) contents are relatively high, ranging from
24.1 to 43.4 (with 85% N 35mol%) and from9.4 to 18.8mol%, respective-
ly (Table 1 and Table OSM1). The signiﬁcance of this is discussed in
Section 4.2. Inmore detail, garnets belonging to the Bt+Grt assemblage
have compositions within the range Alm41.7–58.5Grs24.1–40.1Sps9.4–18.8-
Prp1.9–6.9.Within the Bt+Amp+Grt granitoids andMMEs, the crystals
display a more restricted range of compositions, that is Alm40.1–43.5-
Grs37.3–43.4Sps13.8–17.2Prp2.7–3.7 and Alm40.9–45.7Grs37.4–42.0Sps9.6–18.5-
Prp2.4–3.6, respectively. The great majority (ca. 95%) of the analysed
garnets despite having different textures are unzoned (Fig. 7a and 1a
in OSM2). In a few caseswhere garnets have been found having grossu-
lar reverse bell-shape-like proﬁles (Figs. 7b and 1b in OSM 2), the
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Fig. 7. Garnet chemicalmaps and proﬁles. (a) Garnet from Bt+Amp+Grt granitoids (same crystal shown in Fig. 5f); (b) garnet from Bt+Grt granitoids (same crystal shown in Fig. 5d);
(c) garnet inMME (same in crystal shown in Fig. 5h);white dashed lines in (a) and (b) showgarnet boundaries; for eachmap thickwhite arrows indicate the sense of the section analysed;
the relative rim to rim zonation patterns are given in the diagram in the left. The maps also indicate the inclusions. More traverses are available at Table OSM1 and Fig. 1 in OSM 2.
Table 1
Summaryof the grossular, pyrope, almandine and spessartine content inmol% ofmagmat-
ic garnets in metaluminous to slightly peraluminous natural granitoids and experimental
melts.
Garnet Grossular Pyrope Almandine Spessartine
Galiléia granitoidsa 24.1–43.4 1.9–6.9 40.1–58.5 9.4–18.8
Bushy Point Granitoidsb 33–46 2–6 41–52 10–11
Experimental garnetsc 20.4–31.5 13.5–35.2 40.7–58.5 0.7–6.8
Worldwide natural garnetsd 11.8–28.4 1.5–43.8 37.1–72.7 1.4–19.5
a This study.
b Zen and Hammarstrom (1984a).
c Alonso-Perez et al. (2009); Green (1992); Schmidt (1993); Schmidt and Thompson
(1996).
d Bach et al. (2012); Barnes and Allen (2006); Day et al. (1992); Dawes and Evans
(1991); Harangi et al. (2001); Owen and Marr (1990); Samadi et al. (2014).
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grossular content increases from core to rim from ca. 25 mol% up to al-
most 40 mol%. Pyrope and spessartine patterns appear broadly ﬂat.
Other zonation is seen in garnet hosted in the MMEs where, a decrease
in XSps from core to rim, from 17.42 to 9.57 mol% is associated by an in-
crease in XGrs and XAlm (from 37.68 to 41.55 mol% and from 41.76 to
44.76 mol%, respectively) (Fig. 7c). It is important to note that the XPrp
in all the garnets is constantly low, andMg# always b0.10. These obser-
vations are in agreement with Nalini (1997) who performed the ﬁrsts
and only mineral chemistry analyses of garnets from the Galiléia.
Analyses of epidotes from the matrix of the granitoids and MMEs
show pistacite contents [Ps = (Fe3+/Fe3+ + Al) ∗ 100] in the range of
14.6–22.7 mol% and 13.9–17.8 mol%, respectively (Fig. 8a and
Table OSM3). The Ps content of epidote inclusions within garnets, bio-
tite, plagioclase and amphibole from the granites (9.3–22.2 mol%) and
from the MMEs (11.6–17.3 mol%) is slightly wider but overall similar
to that of the epidote in the relevant rockmatrix. Rare zoisite inclusions
in garnet have FeOTotal below 2 wt.% and Ps = 3.8–4.2 mol%.
Biotite in Bt + Grt granitoids (Fig. 8b and Table OSM4) exhibits
higher Fe# [Fe/(Fe + Mg); 0.63–0.70] than biotite in other assem-
blages and MMEs, which display Fe# ~ 0.58–0.62. The TiO2 contents
of biotites do not show any signiﬁcant difference between the differ-
ent granitoid assemblages and the MMEs, ranging from 1.47 to
3.04 wt.%. The composition of biotite inclusions in garnets is similar
to that of biotite in the matrix. Biotite inclusions in garnets from
the MMEs have a very narrow range of Fe# and higher titanium con-
tents (1.90–3.00 wt.%) with respect to those in the MMEs matrix
(1.10–2.03 wt.%).
Primary white mica crystals have Si contents (3.14–3.22 a.p.f.u.)
similar to some low-Si phengites in metamorphosed granitoids
(Fig. 8c and Table OSM4) (Evans and Patrik, 1987), although AlTot
(2.62–2.53 a.p.f.u.) and Mg + FeTot (0.26–0.37 a.p.f.u.) differ slightly
(Fig. 8d). These crystals are also similar in composition to primarymus-
covite fromperaluminous granitoids (Huang et al., 2015; Liu et al., 2014;
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Fig. 8.Mineral chemistry. (a) Epidote composition plotted in a Ca (a.p.f.u.) against their pistacite content [Ps = (Fe3+/Fe3+ + Al) ∗ 100]; black squares in the grey ﬁeld are compositions
from the inclusion shown in Fig. 6f; zoisite ﬁeld from high pressure experiments (up to 3.2 GPa) from Patiño-Douce (2005) and Skjerlie and Patiño-Douce (2002); (b) Fe# [Fe/(Fe+Mg)]
vs. TiO2 (wt.%) for biotites; in (a) and (b) thick grey line indicates epidote and biotite analyses performed by Nalini (1997), respectively; (c) and (d) primary and secondary white micas
composition are plotted in Si (a.p.f.u.) and Mg+ FeTot (a.p.f.u.) against AlTot; other primary muscovites are from peraluminous granitoids (Huang et al., 2015; Liu et al., 2014; Miller et al.,
1981) whilemetamorphic low-Si phengites are from Evans and Patrik (1987); black arrows indicate that some analyses from the latter authors plot below AlTot = 2.3 (a.p.f.u.) and above
Si = 3.25 andMg+ FeTot 0.5 (a.p.f.u.); (e) amphibole composition plotted in the Mg# against A2O3 (wt.%); grey squares and grey crosses are analyses from Nalini (1997) on amphiboles
from Galiléia granitoids and MMEs, respectively; grey arrow indicates the decreasing of temperature as the Mg# decreases (i.e. Alonso-Perez et al., 2009); (f) Ternary An-Ab-Or feldspar
classiﬁcation diagram (after Deer et al., 1992).
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products (low Si and higher AlTot) within plagioclase crystals from gran-
itoids and MMEs.
Using Locock's (2014) amphibole spread sheet classiﬁcation after
the IMA 2012 report of Hawthorne et al. (2012) (Table OSM5), amphi-
boles are classiﬁed as follows: amphiboles from Bt + Amp-granitoids
are unzoned and compositionally similar to the ferro-hornblende
cores of the amphiboles from Bt + Amp-Grt-granitoids, which instead
have rims classiﬁed as ferro-pargasite, as is the case for the core of the
rare amphibole inclusion in garnet (Fig. 8e). There is a marked variation
in Mg# and Al2O3 content between the cores and the respective rims of
amphiboles from the Bt + Amp+ Grt assemblage (Fig. 8e). Mg# in the
cores varies between 0.50 and 0.39, while Mg# from the rims have a
lower and more restricted range of values (0.36–0.41). As described
byAlonso-Perez et al. (2009), this decrease inMg# is related to decreas-
ing temperature during magma crystallization. In contrast, Al2O3 is de-
pleted in the cores (7.68–12.58 wt.%) compared with the respective
rims (11.41–14.02 wt.%). The composition of amphibole cores and
rims is identical in the MMEs, with a lower Mg# and Al2O3 content
than amphibole in the granites. Note that the mineralogy of these
rocks renders them unsuitable for the application of the Al in horn-
blende geobarometer, e.g. Hammarstrom and Zen (1986) and Mutch
et al. (2016).
Euhedral and subhedral plagioclase crystals together with plagio-
clase coronas over garnet and inclusions in garnets share the same nor-
mal zonation, with labradorite cores and andesine rims (An60 to An36;
Fig. 8f and Table OSM6). The texturally distinct cores from 10 to
15 mm sized plagioclase found in the Galiléia granites as well as in
maﬁc enclaves have very highAn contents (fromAn83 toAn89), differing
completely from their rims (An35 to An47).
3.4. Whole rock geochemistry
Whole rock compositions from Galiléia igneous rocks and maﬁc en-
claves have been previously analysed by Gonçalves et al. (2014), Nalini
(1997) and Nalini et al. (2005). Ourmajor and trace element data agree
(Table OSM7) with those reported by these authors (Fig. 9). The granit-
oids here studied are granodiorites with only one tonalite (Fig. 9a). K2O
content (1.76–3.8 wt.%) shows a positive correlation with SiO2
(62.21–72.04 wt.%) (Fig. 9b) and as expected for I-type granites (e.g.
Clemens et al., 2011; Farina et al., 2012), A/CNK (0.97–1.07) and CaO
(2.82–6.09 wt.%) are negatively and positively correlated with
FeOTot +MgO (2.96–8.29 wt.%) (Fig. 9c and d, respectively). A negative
correlation is also seen with respect to MnO (0.04–0.17 wt.%) (Fig. 9e).
Overall, major and trace element composition of the Galiléia granitoids,
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Fig. 9.Whole rock geochemistry. (a) Normative An-Ab-Or diagram (after Barker, 1979) for the Galiléia granitoids; (b) SiO2 against K2O; (c), (d), (e) and (f) FeOTot+MgO is plotted against
A/CNK [molar Al/(2Ca + Na + K)], CaO, MnO and∑HREE, respectively. Plain lines and dotted lines represent compositional ﬁelds for granitoids and maﬁc enclave analyses from
Gonçalves et al. (2014) and Nalini (1997), respectively. Light blue squares are metaluminous cordilleran-type I-type granitoids from North and South Patagonian Batholith (Castro
et al., 2011; Hervé et al., 2007; Pankhurst et al., 1999), Western and Eastern Peninsular Ranges (Lee et al., 2007), Sierra Nevada Batholith (Bateman et al., 1984; Cecil et al., 2011;
Dodge et al., 1982) and Lachlan Fold Belt (Clemens et al., 2011); (e), black dotted arrow indicates the incremental trend in maﬁcity and∑HREE of a typical cordilleran-type granitoids
similar to one of the Galiléia granitoids at which has been added from 1 to 5 vol.% of garnet. Except for one sample (FSV1), the∑HREE content for the Galiléia granitoids is similar to
the cordilleran-type granitoids; see text for further explanation. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to theweb version of this article.)
92 F. Narduzzi et al. / Lithos 282–283 (2017) 82–97
Stellenbosch University  https://scholar.sun.ac.za
match well with those of Cordilleran-type granites worldwide (Fig. 9).
Garnet-bearing enclaves have Mg# values ranging between 0.36 and
0.40, whereas the only garnet-free enclave which was analysed and
classiﬁed as a gabbro displays the highest Mg# (0.46), FeOTot + MgO
(13.07 wt.%) and∑HREE (10.07 ppm).
4. Discussion
The widespread occurrence of garnet and epidote is the most strik-
ing and petrologically interesting characteristic of the Galiléia Batholith.
To our knowledge, only one previous study reports magmatic garnet
compositions matching those described in this study, that is the Bushy
Point granites in south eastern Alaska (Zen and Hammarstrom, 1984a)
(Table 1).
4.1. Magmatic garnet, epidote and white mica in the Galiléia batholith
Several lines of ﬁeld, petrographic and chemical evidence indicate
that the garnet crystals in the Galiléia granitoids are magmatic. Firstly,
garnet crystals occur in weakly deformed granitoids showing no evi-
dence of metamorphism. Garnet abundance does not correlate with
the degree of deformation in the granite and garnet crystals occur as in-
clusions in large euhedral alkali-feldspar crystals in granites showing
porphyritic textures (Fig. 4a). Secondly, garnet abundance does not in-
crease in the proximity of the contact with the Rio Docemetasediments
and garnet crystals in the batholith have different compositions from
garnet in themetapelites, the former being higher in CaO (Fig. 10). Fur-
ther simple chemical arguments conﬁrm that garnets in the Galiléia
granitoids are neither entrained from the country rocks nor inherited
from the source. In fact, the inclusion of 1 to 5 vol.% of source rock garnet
in a typical cordilleran-type granite would discernibly increase both the
FeOTot + MgO and∑HREE of the rock as illustrated in Fig. 9e; this be-
haviour is not observed for the garnet-bearing samples of the Galiléia
batholith. Moreover, the abundance of garnet does not correlate with
the SiO2 and CaO content of the granitoids and their presence is report-
ed from the least (SiO2 = 58.8 wt.%), to the most evolved (SiO2 =
72.2 wt.%) garnet-bearing Galiléia granitoid. Furthermore, the garnet-
bearing Galiléia granitoids are geochemically identical to many other
garnet-free Cordilleran-type granites worldwide.
Finally, the minerals hosted as inclusions within the garnet crystals
are the same, both in terms of assemblage and composition, as those
constituting thematrix of the granitoids. It is alsoworth noting that gar-
net occurrence and/or abundance are not related to the abundance of
MMEs in the outcrop, suggesting that garnet did not form in the
enclaves as also conﬁrmed by the disequilibrium features acquired by
garnet crystals hosted in the enclaves.
Collectively, this evidence demonstrates that garnet in the studied
rocks is magmatic. Therefore, we conclude that the presence/absence
of this garnet depends on variables other than the rock composition.
In the Galiléia batholith there are two other coexistingminor phases
that appear to bemagmatic andmay be important in understanding the
conditions of magma crystallization: epidote and white mica. In agree-
ment with textural observations on magmatic epidotes reported by
Schmidt and Poli (2004), Schmidt and Thompson (1996) and Zen and
Hammarstrom (1984b), the presence of epidote crystals rimming
allanite cores, and their common occurrence in the interstitial sites be-
tween the rock forming minerals (amphibole, plagioclase and biotite)
point towards amagmatic origin for epidote (e.g. Nalini, 1997). Further-
more, the Ps content of matrix epidote crystals (14.6–22.7mol%) is very
similar to epidote inclusions hosted within rock-forming phases (Ps =
9.3–22.2mol%), supporting amagmatic origin for both textural varieties
of epidote. Based on textural observation we exclude that epidotes
(Ps = 9.3–17.4 mol%) included in plagioclase (Fig. 6c) are derived
from the alteration of thismineral. In fact, epidote inclusions are ragged,
cracked, and commonly zoned showing corroded and/or resorbed rims.
Following Chang and Andronicos (2009) and Dawes and Evans (1991),
we interpret these inclusions as early magmatic crystals followed by re-
sorption before plagioclase overgrowth during successive magmatic
stages. Epidote crystals within the MMEs share similar textural and
compositional (Ps = 11.8–17.3 mol%) features with those in the gran-
ites, thus they are also interpreted as being magmatic. Finally, despite
the fact that the occurrence of white mica overgrowing magmatic bio-
tite and plagioclase could suggest a secondary origin, the presence of
white mica as inclusion in the garnet points towards a magmatic origin.
Its primary origin is also supported by its chemical compositionwhich is
similar to other low-Si phengites andprimarymuscovites from the liter-
ature, but quite different from sericitic products (i.e. late secondary
white mica) (Fig. 8c, d).
4.2. Pressure–temperature conditions
4.2.1. Pressure of crystallization
Crystallization experiments and studies on natural metaluminous
igneous rocks have shown that garnet with CaO contents above 4 wt.%
(and in general with Grs N 10 mol%) records crystallization at pressures
above approximately N0.8 GPa (Alonso-Perez et al., 2009; Bach et al.,
2012; Barnes and Allen, 2006; Dawes and Evans, 1991; Day et al.,
1992; Green, 1972, 1977, 1992; Green and Ringwood, 1968, Green,
1972; Harangi et al., 2001; Samadi et al., 2014 and others). Schmidt
and Thompson (1996) investigated garnet stability within a granodio-
rite and established that the garnet-in reaction is located at a pressure
as high as 1.3 GPa and around 800 °C. Garnet stability within granitoid
magmas varies as a function of composition as well as pressure and
temperature (see also Vielzeuf and Schmidt, 2001). Although no crystal-
lization experiments have produced garnet with grossular contents as
high as those observed in the Galiléia garnets (Table 1), similarities be-
tween experimental and natural rock studies are in good agreement in
indicating that the presence of grossular-rich magmatic garnet within
the Galiléia granitoids can be regarded as evidence of crystallization at
a pressure above at least 0.8 GPa.
This conclusion is also supported by the occurrence of phengitic
white mica and epidote in the Galiléia granitoids. According to
Schmidt and Poli (2004) and Schmidt and Thompson (1996), the ap-
pearance of epidote in the crystallization sequence of a cooling
magma is pressure dependent. These authors demonstrated that epi-
dote is stable above 0.6 GPa, and that its temperature of ﬁrst crystalliza-
tion in a cooling magma increases with increasing pressure. In the
Galiléia granitoids, epidote is found as a common inclusion in biotite
and plagioclase, as a rare inclusion in garnet, and in thematrix between
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Fig. 10.CaO againstMnOwt.% (afterHarangi et al., 2001 andSamadi et al., 2014).Note that
the upper limit of the area representing the CaO rich-garnets has not been deﬁned, yet.
Here and in Fig. 11 only the more representative (core and rim) analyses for the Galiléia
garnets are reported.
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Schmidt and Thompson (1996), this textural information is consistent
with pressure conditions in the range of 0.8–1.0 GPa. Thus the experi-
ments of Alonso-Perez et al. (2009), Green (1992), and Schmidt and
Thompson (1996), constrain the stability of garnet + epidote within
the Galiléia granitoids to pressures between ca. 0.8 and 1.0 GPa, corre-
sponding to depths of approximately 25–30 km in the lower crust.
4.2.2. The geochemical diversity of the Galiléia garnets
The most striking characteristic of the Galiléia magmatic garnets is
their extremely high grossular and spessartine contents reaching
45 mol% and 20 mol%, respectively and constantly low pyrope content
(b7mol%). (Figs. 10 and 11).We compared the chemistry of these crys-
tals with: 1) garnet from crystallization experiments at high pressure
(N0.8 GPa) usingmetaluminous to weakly peraluminous startingmate-
rials that were similar in composition to the Galiléia granitoids
(Alonso-Perez et al., 2009; Green, 1992; Schmidt, 1993; Schmidt and
Thompson, 1996) (Fig. 12), and 2) magmatic garnet from
natural metaluminous to weakly peraluminous felsic igneous rocks
(Bach et al., 2012; Barnes and Allen, 2006; Dawes and Evans, 1991;
Day et al., 1992; Harangi et al., 2001; Owen and Marr, 1990;
Samadi et al., 2014; Zen and Hammarstrom, 1984a). We observe
that the Galiléia garnets are more grossular-rich and pyrope-poor
(Grs24.1–43.4Prp1.9–6.9Alm40.1–58.5Sps9.4–18.8) than both experimental
(Gro20.4–31.5Prp13.5–35.2Alm40.7–58.5Sps0.7–6.8) and natural crystals
(Gro11.8–28.4Prp1.5–43.8 Alm37.1–72.7 Sps1.4–19.5) (Table 1). However, the
Galiléia garnets are compositionally identical to the magmatic garnet
crystals (Grs33–46Prp6–6Alm41–52Sps10–11) from the metaluminous
Bushy Point Granitoids (A/CNK 0.91–1.10; SiO2 59.6–72.6 wt.%; CaO
1.3–6.2 wt.%) (Zen and Hammarstrom, 1984a). From Fig. 11a and b, it
appears that only the garnet which crystallized in experiments at a
temperature of 650 °C and at high water contents (≥10 wt.%) has
compositions close to those of some of the Galiléia garnets.
In the experimental garnet, the pyrope content decreases at decreas-
ing temperatures while the almandine contents show the opposite
H2O = 5 - 10 wt%
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Fig. 11. Comparison between Galiléia, experimental and natural magmatic garnets. (a) Almandine-grossular-pyrope classiﬁcation diagrams. Experimental garnets (coloured triangles) are
those in equilibriumwith themetaluminous and slightly peraluminous experimentalmelts. These garnets are reported according to their crystallization temperature. Greyﬁeld:magmatic
garnets in volcanic aswell as graniticmetaluminous toweakly peraluminous rocks (Bach et al., 2012; Barnes and Allen, 2006; Dawes and Evans, 1991; Day et al., 1992; Harangi et al., 2001;
Owen and Marr, 1990; Samadi et al., 2014). Light orange ﬁeld: Bushy Point garnets from Bushy Point Granitoids, Alaska (Zen and Hammarstrom, 1984a). Note that for these garnets the
grossular ﬁeld was redrawn from Fig. 70 of Zen and Hammarstrom (1984a). Grey arrow indicates the trend from high (HT) to low (LT) temperature garnets. (b) Alm + Sps–Grs–Prp
diagram. The same experimental garnets used in (a), here are plotted considering the water content of the experimental melt. Grey dotted area represents the part of the diagram
covered by the Galiléia granitoids. Note that for the garnets of Green (1992) and those at 650 °C of Schmidt (1993) there is no data relative to the water of the melt. (c) Almandine–
grossular–spessartine diagram. Symbols as in a). Note that only for one Bushy point garnet the spessartine content has been reported (ﬁlled and empty light orange diamonds are core













FeOTot + MgO (wt.%)
Fig. 12. A/CNK vs FeOTot + MgO diagram. Comparison between Galiléia granitoids,
Cordilleran-type granites and staring materials used in high pressure crystallization
experiments. AP09: Alonso-Perez et al. (2009); G92: Green (1992); S93: Schmidt
(1993); ST96: Schmidt and Thompson (1996). Other symbols are as in Fig. 9.
94 F. Narduzzi et al. / Lithos 282–283 (2017) 82–97
Stellenbosch University  https://scholar.sun.ac.za
behaviour, being negatively correlated with temperature (Fig. 11a, b
and c). These relationships might account for the low pyrope content
exhibited by the Galiléia garnet, but data retrieved from experimental
studies do not explain the origin of the high spessartine and especially
high grossular content observed in the garnet of the Galiléia batholith.
The only experiments that seem to suggest a negative correlation be-
tween the grossular content and temperature are those performed by
Alonso-Perez et al. (2009) at 1.2 GPa. These authors observed an in-
crease of grossular content from 20.7 to 31.5 mol% as a consequence
of a decrease in temperature from 1000 to 850 °C and to an increase
of the water content of the melt from 5.4 to 11.0 wt.%. Nevertheless,
any clear correlation is observed considering the spessartine content.
A possible explanation for the high grossular content of the Galiléia
garnetmight come from Schmidt and Thompson (1996). They observed
that in metaluminous granitic systems, quartz and epidote start crystal-
lizing at temperature around 655 and 700 °C, respectively, with epidote
stable inwater saturatedmelts (≥10wt.%). Thus the high grossular con-
tent of garnet crystals togetherwith their epidote and quartz inclusions,
might suggest that these garnets were produced by a process of dissolu-
tion and recrystallization in which garnet was continuously reacting
and re-equilibratingwith amelt thatwas evolving towards low temper-
ature (b650–700 °C) and highwater contents (N10wt.%). The same ex-
planation could also apply for the spessartine content, which increases
as the magma evolves (Miller and Stoddard, 1981).
4.3. Geotectonic implications: a new tectonicmodel for the Araçauí Orogen?
It is worth remarking that garnet is widespread in the Galiléia bath-
olith characterizing outcrops that are in many cases more than 10 km
apart. This simple observation indicates that similar high-pressure con-
ditions were attained in the whole batholith.
Since little is known about the P–T–t history of the host Rio Doce
metasediments, any attempts to understand its relationships with the
Galiléia granitoids remain quite speculative. Nevertheless, some obser-
vations can be made.
So far it has been highlighted that the Galiléia granitoids record high
pressure (N0.8 GPa) crystallization and emplacement in the lower crust.
This implies that since 630 Ma the crust underneath this portion of the
Araçuaí Orogen was already at least 25–30 km thick and relatively cool.
This is in contrast with the hot thermal regime registered from the
neighbour Carlos Chagas Batholith, located 50 km to the east, within
the eastern domain (Fig. 1b; Melo et al., 2016). In fact, this batholith re-
cords granulite-facies metamorphism (0.9–1.0 GPa and 790–820 °C) at
570 Ma, age at which: 1) the Galiléia granitoids were already crystal-
lized (632–570 Ma; Tedeschi et al., 2016) and 2) the Araçuaí Orogen
was experiencing syn-collisional tectonics (Pedrosa-Soaeres et al.,
2011). Overall, this would imply that the Galiléia high pressure granit-
oids should also record granulite-facies metamorphism. Instead, these
rocks are weakly deformed and do not show any evidence of metamor-
phic overprinting. This has two possible and different tectonic implica-
tions: either the Galiléia granitoids at 570 Ma were already exhumed
at shallower crustal levels, which prevented them from undergoing
granulite facies metamorphism, or alternatively these garnet-bearing
granitoids and the Carlos Chagas batholith belonged to different litho-
spheric domains joined together after 570 Ma. The last hypothesis is
supported by the presence of a poorly-studied major thrust separating
the central and eastern domains (see black bold dotted line in Fig. 1b;
e.g. Vauchez et al., 2007).
Eventually, the same ﬁeld, petrographic and chemical features so far
reported for the garnet-bearing Galiléia granitoids have been also de-
scribed for the garnet-bearing Bushy point granites (Zen and
Hammarstrom, 1984a). Noteworthy these granitoids are located pre-
sumably within the accretionary prism and/or fore-arc settings of the
north-coastal British Columbia subduction zone, south eastern Alaska.
In such settings, high pressure, low temperature (Brown, 2006) and
water-rich magmas are readily achievable. Notably, some of these
conditions are those suggested by this work. It is then possible that
both the garnet-bearing Galiléia and Bush Point granitoids represent
“rare” garnet- and epidote-bearing metaluminous Cordilleran-I-type
granites which can only form in a fore-arc setting.
5. Conclusions, remarks and open questions
The presence of magmatic garnet crystals together with the pres-
ence of magmatic epidotes indicates a high-pressure crystallization en-
vironment probably between 0.8 and 1.0 GPa, corresponding to depths
of approximately 25–30 km. These ﬁndings would also imply that at
630 Ma the crust below the Araçuaí orogen was already over-
thickened and cool. High grossular and spessartine content in garnet to-
gether with its epidote and quartz inclusions might be due to reaction
between the crystal and the evolving granitic magma towards low tem-
perature and highwater content. Some resorption textures also indicate
that these minerals were consumed before complete crystallization.
Eventually, what has been highlighted throughout this work has
opened new challenging questions like: 1) why no experiments so far
were able to reproduce the composition of the Galiléia garnets?
2) How much water was present in the melt from which the
grossular- and spessartine-rich Galiléia garnets crystallized? 3) How
much melt (vol.%) was still present during garnet crystallization at
high-pressure and temperature of ca. 650–700 °C? And eventually, de-
spite there is a clear connection between the garnet-bearing Galiléia
granitoids and the fore-arc related garnet-bearing Bushy Point and,
4) what is the most reliable geodynamic scenario for having within
the same orogenic system, at the same pressure condition and at the
same geological time, two contrasting thermal regimes? More studies
must be done in order to answer to all of the above questions.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2017.02.017.
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CHAPTER 5 
EXTREME U-Pb AGE VARIABILITY IN A NEOPROTEROZOIC, LOWER-
CRUSTAL BATHOLITH: IMPLICATIONS FOR MAGMA STORAGE IN AN 
ACCRETIONARY PRISM 
PRESENTATION OF THE PUBLICATION 
This paper1, first authored by Francesco Narduzzi is in preparation for submission to Earth and 
Planetary Science Letters. The aspects highlighted in this paper were done independently by 
Francesco Narduzzi while receiving standard supervision by his supervisor Herminio Harias Nalini 
Jr., Federico Farina, Gary Stevens, Cristiano Lana. I did: zircon separation for U-Pb geochronology, 
zircon imaging by SEM, zircon U-Pb LA-SF-ICP-MS and LA-MC-ICP-MS analyses, zircon trace 
elements (LA-SF-ICP-MS) and analyses the zircon Lu-Hf isotopes (LA-MC-ICP-MS). I did also 
the literature review and I have written the majority of the scientific paper. Ana Alkmim reduced 
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ABSTRACT 
Exhumed mid- to lower-crustal batholiths are key natural laboratories for studying the 
histories of magma reservoirs and their role in the evolution of the Earth´s lithosphere and 
atmosphere. Some batholiths record details of the internal structure of magma chambers and 
provide insights into the thermal and chemical evolution in the crystal mush. However, the lifetime 
of reservoirs and the duration of magmatic activity in them remains a puzzle. While U-Pb 
geochronology of young, exhumed plutons and related volcanic rocks suggest very short lifespans 
for magma activity, large and relatively old batholiths seem to have lived for tens of millions of 
years. Here we investigate the lifetime of a giant 15,000 km2 batholith, in SE Brazil. The batholith 
itself was assembled in the lower crust during the accretionary/collisional stages of the 
Neoproterozoic Aracuaí Orogeny. While reasonably homogeneous (in terms of mineralogy/texture 
and major/trace elements), all samples from the main part of the batholith (8 samples) record 
extreme variability in magmatic U-Pb dates from ca. 630 to 555 Ma. Trace element geochemistry 
and Hf isotopes from the igneous zircons – here interpreted as autocrysts (ca. 555 – 560 Ma) and 
antecrysts (> 560 Ma) – are all consistent storage of magma in a highly active, long-lived magma 
reservoir, rather than a simple cooling following fractional crystallization at the level of magma 
emplacement. Based on regional constraints and available petrographic information for our 
samples, we interpret that such continuous injections of magma took place in the lower crust, at 
temperatures that kept the system above its solidus through the 80 Ma of zircon crystallization. 
Unradiogenic 176Hf/177Hf and 143Nd/144Nd isotope chemistry indicate no direct mixing with mantle-
derived magmas, which is in agreement with the scarcity of mafic products in the region, and 
supports previous suggestions of emplacement in an evolving accretionary prism. We suggest that 
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the magmas originated from partial melting of fertile volcanoclastic sediments in the accretionary 
prism, and that the prims itself was continuously fed by material eroded off the magmatic arc.  
Key words: U-Pb zircon LA-MC-ICP-MS geochronology; lower crustal batholith; accretionary prism, 
long-lived magmatism, Araçuaí orogen; Neoproterozoic Galiléia batholith 
 
1. INTRODUCTION 
The development of magma reservoirs is an essential process in coupling the evolution of 
the continental lithosphere with Earth´s atmosphere. The reservoirs themselves are a link in the 
process of crustal differentiation, potentially feeding upper crustal felsic magmas  whilst 
accommodating the crystal mush from which the melts segregated within the lower- to mid-crust  
(Bachmann & Bergantz, 2008; Barboni et al., 2016; Cashman et al., 2017; Cooper, 2017; Cooper & 
Kent, 2014; Deering et al., 2017; Rubin et al., 2017). Some felsic magmas which intrude the upper 
crust will cataclysmically discharge into the atmosphere, thus contributing to the energy/mass 
balance between crust and atmosphere (e.g., Karakas et al., 2017). The flux of supereruptions is 
demonstrably conditional to the volume of magma erupted and, consequently, it depends on the 
duration of magma production within the source. However, because active magma reservoirs are 
not directly observable, their existence is only established by lines of evidence such as geophysical 
data, fossil magma chambers (plutons/batholiths), or long-lived superuptions (Bachmann & 
Bergantz, 2008). It follows that modelling the development and duration of magma reservoirs at 
different stages of Earth´s evolution requires a full understanding of the crystallization ages of the 
crystal mushes and related volcanic systems (e.g., Deering et al., 2017).  
Recent high-precision U-Pb geochronology of young plutonic/magmatic systems suggest 
that substantial volumes of evolved magma accumulate over time-scales of hundreds of thousands 
of years (Farina et al., 2010; Fiannacca et al., 2017; Leuthold et al., 2012; Samperton et al., 2015; 
Schaltegger et al., 2009; Schoene et al., 2012). In modern (or recent) continental arc settings, 
voluminous upper-crustal granitic magmatism and volcanic eruptions are constructed in time scales 
ranging from less than 105 up to 107 years (e.g., Fig. 1) (Cashman et al., 2017; Cooper, 2017; 
Coleman et al., 2004; Lipmann & Bachmann, 2015). Such magmas are thought to be produced in 
the upper or middle crust by Melting Assimilation Storage and Homogenisation (MASH) or Deep 
Crustal Hot zones (DCH) (Annen et al., 2006 and references therein). In contrast, some 
Precambrian exhumed mid- to lower crustal batholiths, representing either post-collisional 
magmatism or partial melting events of volcanic arc-derived immature sediments (within 
accretionary prims, and fore/back-arc settings) can record vast and long-lived magmatic histories, 
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spanning over 10 million years (Fig. 1) (Cai et al., 2011; Clemens et al., 2017a; Clemens & 
Stevens, 2016; Foster & Goscombe, 2013; Jeon et al., 2012; Jiang et al., 2016; Melo et al., 2017a, 
2017b; Romano et al., 2013; Sharkov 2010; Shoene & Bowring, 2010). Judging that all magmatic 
systems seem to follow similar incremental evolution – marked by intervals of high melt flux and 
periods of magmatic quiescence - a puzzle remains that some older magmatic systems, especially 
those related to accretionary prims and fore/back arc settings seem to record more extended periods 
















Despite some exceptions, such as the back-arc-related St-Jean-Du-Doigt pluton (Barboni et 
al., 2013) and the accretionary-prism-related Kodiak batholith (Farris 2010), what arises from this 
simple comparison (e.g., Fig. 1) is that larger, deeply exhumed batholiths record long-lived 
magmatic activity than their younger shallow level counterparts. This dichotomy may simply be a 
Figure 1. Comparison of duration of magmatism from different ages and tectonic settings. 
(1) Leuthold et al. (2012); (2) Samperton et al. (2015);  (3) (SRMFV - Southern Rocky 
Mountain Volcanic Field) Lipmann & Bachmann, (2015);  (4) Schaltegger et al. (2009); (5) 
Farris (2010); (6) Coleman et al. (2004); (7) Jeon et al. (2012); (8) Barboni et al. (2013); (9) 
Jiang et al. (2016); (10) Clemens et al. (2017); (11) Melo et al. (2017a); (12) Melo et al.
(2017b); (13) Romano et al. (2013); (14) Schoene & Bowring, (2010); (15) Sharkov (2010). 
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sample bias in the geological record (e.g., introduced by the level of exposure) or indicate the fact 
that long-lived magma chambers can only survive in the mid- to lower crust because of the higher 
background T. Thus, more data on duration of magmatism of different ages and from different 
settings are needed to constrain processes of magma production and crystallization in magma 
reservoir. 
Here the lifetime of a giant granitic batholith is investigated through high-precision U-Pb 
geochronology, coupled with Hf and trace elements in zircons from the well preserved 
Neoproterozoic Galiléia batholith, of the Araçuaí orogen (SE Brazil). The Galiléia batholith is 
probably one of the largest batholiths in South America, encompassing an area over 15000 km2. It 
crystallized from metaluminous magmas that were incrementally assembled in the lower crust (> 
0.8 GPa) (Narduzzi et al., 2017) during the initial stages of the Araçuai Orogeny (Pedrosa-Soares et 
al., 2011). All studied samples from this batholith record extremely variable magmatic zircon ages, 
testifying a large and extremely protracted magmatic activity. We explore evidence recorded in 
these magmatic zircons to investigate whether the Galiléia Batholith is an eroded remnant of a 
lower crustal magma chamber.  
2. GEOLOGICAL BACKGROUND 
The Galiléia batholith crops out in the Araçuaí orogen over an area of more than 15,000 km2 
(> 300 km length and > 50 km wide) (Fig. 2a) (e.g., Pedrosa-Soares et al., 2011). The granitoids 
forming the batholith (hereafter Galiléia granitoids) intrude, (1) medium- to high-grade 
(amphibolite/granulite facies) arc-related metasediments of the so-called Rio Doce Group, and (2) 
the juvenile (εNd ≥ 0) Paleoproterozoic gneisses of the Pocrane Complex (Gonçalves et al., 2018; 
Mondou et al., 2012; Narduzzi et al., 2017) (Figs. 2b and c). The metasediments and Galiléia 
granitoids together form the Rio Doce magmatic arc (Pedrosa-Soares et al., 2011). The granitoids 
are weakly deformed and record widespread high-pressure magmatic minerals such as grossular-
rich garnet, epidote and primary low-Si phengite-like white mica (Narduzzi et al., 2017). They are 
mainly represented by medium- to high K (1.01 to 6.25 wt.%), metaluminous to slightly 
peraluminous [A/CNK (Al/Ca+N+K mol.%) = 0.86 to 1.11], medium-grained tonalites and 
granodiorites, whereas granites are less abundant. Silica content ranges between 59 and 76 wt.% 
while FeOTot+MgO correlate positively with A/CNK and negatively with CaO, indicating an overall 
I-type affinity (Fig. 3) (Clemens et al., 2011; Farina et al., 2012; Narduzzi et al., 2017). Magmatic 
garnet, epidote and primary low-Si phengite in these granites suggest emplacement and 
crystallization in the lower crust (> 0.8 GPa; ca. 25 – 30 Km)  (Narduzzi et al., 2017). Moreover, 
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the Galiléia granitoids markedly contrast with the geochemistry of the Rio Doce metasediments 
















More mafic members of the Galiléia Batholith (e.g., diorites and gabbros) are scarce, but 
mafic micro-granular enclaves are commonplace, showing different degrees of hybridization by 
their host (Fig. 3). The occurrence of mafic-intermediate microgranular enclaves together with the 
Nb, Ta, Ti and Sr negative anomalies exhibited by the Galiléia granitoids and their strong isotopic 
crustal signature (whole rock εNd = -6.7 to -13.8; zircon εHf = -5.2 to -11.7) have all been 
interpreted as evidence of MASH-related silicic magmatism (Gonçalves et al., 2018 and references 
therein). According to this model, dehydration of the subducting oceanic slab produced 
metasomatism of the mantle wedge and ensuing mafic magmas that rose through the continental 
crust. Upon intrusion, the mafic magmas partially melted the continental crust and generated the 
Fig. 2. The Araçuaí Orogen and Galiléia granitoids. (a) Localization of the Araçuaí Orogen and Galiléia Batholith 
in SE Brazil. Note as the Galiléia batholith extents almost for the same lenght of the orogen; RJ: Rio de Janeiro; 
blue star northern part of the Galiléia batholith (Gonçalves et al., 2018); green star Carlo Chagas Batholith (Melo 
et al., 2017a, 2017b). (b) Geological map of the central part (ca. 4,000 km2) of the batholith with the localization of 
the studied samples; (c) Galiléia granitoids in contact with the Rio Doce metasediments (RDm). White dotte line 
indicate the contact.  
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Galiléia granitoids through assimilation, mixing and fractional crystallization (Gonçalves et al., 
2018; Pedrosa-Soares et al., 2011; Tedeschi et al., 2016). However these studies seem not to 
consider the thermodynamic limitations of this process during assimilation of large volumes of 
continental crust (Glazner, 2007), evidence already discussed in Gonçalves et al. (2014). Indeed if 
the thermodynamics of this process is considered, then the amount of crustal material required to 
reproduce the geochemical and isotopic variability of these rocks would be too extensive (see 
discussion). The continental crust is thought to be Paleoproterozoic due to the Nd and HfTDM ages 
ranging between 1.39 to 2.26 Ga and rare inherited zircon cores at ca. 2.0 Ga. 
Some authors (Mondou et al., 2012; Pétitgirard et al., 2009; Vauchez et al., 2007) suggest 
that the main magmatic event for the Galiléia batholith took place around 580 to 570 Ma. By 
contrast, three main crystallization intervals (at 632 – 605 Ma, 600 – 590 Ma and 585 – 570 Ma) 
have been proposed recently after a compilation of all the published zircon U-Pb ages (47 U-Pb 
dated samples) (Tedeschi et al., 2016). Significantly, a close examination of the published U-Pb 
data shows a wide variation of magmatic ages within individual sample (e.g., Table 2 and Fig. 6 of 













Fig. 3. Hacker diagrams. N.17: Narduzzi et al. (2017); N.97: Nalini Jr. (1997); G.14: Gonçalves et al. (2014). 
Rio Doce Metasediments geochemistry is from Vieira, (2007) and Novo, (2013). Granitic samples which 
location was uncertain were not used. 
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3. METHODS 
To investigate the causes of this age variability in the Galiléia granitoids, we have sampled 
eight granitoids from the central part of the batholith (Fig. 2b). For each of the rock sampled at least 
100 transparent and fracture-free zircons grains were handpicked, mounted in epoxy resin and 
imaged by cathodoluminescence (CL). These grains were dated via in-situ laser ablation-sector 
field-inductively coupled plasma-mass spectrometry (LA-SF-ICP-MS), and the Hf isotopic 
composition was determined by LA- multi-collector (MC) -ICP-MS on the same textural domain 
previously dated (See the supplementary material SM1 and SM2 for details). 
A further refinement of the U-Pb age dating was done for two of these samples via LA-MC-
ICP-MS (Lana et al., 2017; Santos et al., 2017) to achieve a precision on individual 206Pb/238U spot 
dates down to 0.5%. For this, the zircon grains and fragments of reference material were mounted 
on the same epoxy disc, within two squares of ca. 3 x 3 mm each (Fig. SM3-1) and distance of 5 
mm from each other. Primary and secondary standards were mounted close to the unknown. 
Finally, trace elements were also measured by LA-SF-ICP-MS (see methods in Supplementary 
material).  
Analyses were carried out using a Thermo-Finnigan Neptune Plus Multicollector ICP-MS 
coupled to a Photon-Machines 193 nm laser system at Universidade Federal de Ouro Preto, Brazil. 
Laser conditions were 20 μm spot size, 6 Hz repetition rate, and 3 mJ intensity. The ablated material 
was carried by Ar (ca. 1.1 L/min) and He (ca. 0.5 L/min). Individual spot analyses lasted 45 
seconds, comprising of 15-seconds background and 30 seconds of signal + background. Corrections 
include background, down-hole fractionation, instrumental mass bias drift and common Pb (Lana et 
al., 2017). All ages were then calculated using Isoplot/Ex4 program (Ludwig, 2003). BB9 (560 ± 
0.4 Ma; Santos et al., 2017) was used as primary standards, while Temora (416 ± 0.24 Ma; Black et 
al., 2003), Plešovice (337.3 ± 0.4; Sláma et al., 2008) and in-house P3 (600 Ma; Lana et al., 2017) 
were chosen as secondary standards. BB9, Temora and P3 gave concordia ages of 561 ± 1 Ma [2S; 
n = 20; MSWDC+E 1.14), 337 ± 4 Ma [2S; n = 24; MSWDC+E 0.79), 414 ± 1 Ma [2S; n = 7; 
MSWDC+E 0.26) and 601 ± 2 Ma [2S; n = 4; MSWDC+E 0.51), respectively. Although Temora has a 
slightly lower age than the accepted values, the others are well within the ID-TIMS published ages 
(Fig. SM3-2).  
Trace elements in zircons were acquired at the UFOP using a Thermo-Fisher Element II SF-
ICP-MS linked to a Photon Machines 193 nm ArF Excimer laser. Ablation was done in a 0.7 l/min 
He gas stream using a 25 μm laser spot size and mixed with Ar before entering the ICP-MS. 
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Repetition rate was set to 6 Hz with laser energy density of 0.7 J/cm2. 240UO/238U was below 1% 
and measurements were carried out with 15s background and 30s data acquisition. 29Si, 44Ca, 89Y, 
45Sc, 93Nb, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 
178Hf, 206Pb, 208Pb, 232Th, and 238U were analysed. GLITTER (Van Achterbergh et al.,  2001) was 
used for data reduction using stoichiometric 29Si for internal standardization. NIST 612 glass was 
used as the primary standard. NIST 610 standard glass and BCR and BHVO-1 basaltic glasses were 
used as secondary standards.  
All zircon data, standard analyses and a new set of whole rock geochemistry are reported in 
the supplementary material. Major and trace element whole rock analytical procedures are 
described in Narduzzi et al. (2017) and appendix A for further details.  
4. RESULTS 
4.1 Zircon textures  
The selected zircons are subhedral to euhedral, typically stubby and prismatic with sizes 
between 80 and 450 μm and length-width ratios from 2:1 up to 4:1. Under CL (Figs. 4a, 4b and 
SM3-3) grains are fracture-free, many show core-to-rim oscillatory zoning and are commonly 
characterized by thin (<20 μm), dark rims. As shown in Fig. 4b, some of the crystals show centres 
that can be either (i) dark grey sub-idiomorphic and oscillatory zoned or (ii) light grey rounded and 
structureless. Both these centre-types are surrounded by overgrowths (i.e. magmatic edges in Figs. 
4a and b). A subset of the zircon centers displays resorption surfaces and are truncated by outer 
magmatic zoned domains. These are interpreted as resorbed inherited cores. Most of the grains 
record no inherited cores, but rather a continuous magmatic zoning from centre to rim. None of the 
CL images showed appreciable metamictization textures suggesting re-equilibration of zircons 
within aqueous fluids or melts 















4.2 U-Pb age dating 
Of the two hundred and three spots, one hundred and fifty-five U-Pb dates were concordant 
to subconcordant (>95 % concordant). In each of the sample analyzed, U-Pb dates spread along the 
concordia line with 206Pb/238U dates spanning from 630 ± 10 to 549 ± 9 Ma (Figs. 5 and SM3-3). It 
is worth noting that, even when the resorbed cores are excluded the difference between oldest and 
youngest grain per hand sample (∆th) span from 33 to 63 Myrs. Spot analyses on resorbed and 
inherited cores (n = 8) comprise dates between 586 ± 10 to 714 ± 15 Ma.  
Fig. 4. Cathodoluminescence images of the Galiléia zircons. a) and b) representative images of the 
zircons analysed by LA-SF-ICP-MS (Figs. 5.4 and 5.6) and high-precision multicollector LA-ICP-
MS (Fig. 5.5 and 6.6), respectively. In a) and b) the numbers in white correspond to the 206Pb/235U 
spots. Accordingly these are reported in the weighted plots of Figs. 5.4 and 5.5, respectively. b) 
White arrows indicate resorption features, whereas black arrows indicate oscillatory zoning 
textures. 
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Results of high-precision LA-MC-ICP-MS (Lana et al., 2017) analyses gave concordant 
dates between 99 to 100%. Weighted mean plots (Fig. 6) confirm previous LA-SF-ICP-MS 
analyses with dates plotting along the concordia line (Figs. 7a) with dates spanning from 633 ± 4 to 
552 ± 4 Ma. Each of the two individual hand sample exhibits significant date dispersion: sample 
FGL22 from 631 ± 4 to 552 ± 5 Ma, sample FGL6 from 633 ± 4 to 554 ± 4 Ma. Additionally: i) 
both samples display a net decrease in the number of resorbed domains younger than 610 – 600 Ma, 
ii) resorbed cores have dates spanning from ca. 675 to 575 Ma while the oscillatory zoned cores and  
magmatic edges span from 640 down to 550 Ma (Figs. 6, 7a and b) and iii) between the oldest and 
youngest magmatic grain there is a difference of up to 80 Myrs. Notably, from a total of 274 






Fig. 5. Concordia diagrams and weighted mean plots of LA-SF-ICP-MS dating. For each hand sample, ∆th is the 
difference between the oldest and youngest magmatic dates. Ellipses and error bars are 2s. Others samples are 
reported in Fig. E3 Appendix E. Numbers close to the error bars are according to the spot numbers in in Fig. 6.3a 

















Fig. 6. Zircon images and weighted mean plots for the two high-precision multi collector dated samples. Note the date variation of the two semples 
despite the homogenuos ages obtained from the standars. Transparrent error bars refer those dates which have not been further used in the 
interpretaion (see appendix D). Error bars are 2s. Numbers close to the error bars are according to the spot numbers in Fig. 5.4b. Superscrip 
numbers close to standad ages are: 1) Lana et al. (2017); 2) Santos et al. (2017); 3) Black et al. (2003); 4) Sláma et al. (2008).  
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Fig. 7. a) Comparison between concordia diagarms from high-precision and LA-SC-
ICP-MS date. b) Density plot diagram showing for the MC dates. This was generated 
using Vermeesch, (2012) density plot. Note that magmatic grains encompass the ante 
and autocrystic zircons. 
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4.3 Hf data and trace elements 
The zircon 177Hf/176Hf(t) composition varies from 0.282020 to 0.282343, with εHf(t) from -6.0 
to -14.2 (mean -9.0 ± 0.31 2S) (Fig. 8) with no systematic difference between the Hf isotopic 
composition of magmatic centres and rims. Zircon crystals from individual samples are 
characterized by a spread in 176Hf/177Hf of up to 0.0003 corresponding to ca. 8 epsilon units. 
Resorbed cores have 177Hf/176Hft composition overlapping (0.281957 ÷ 0.282211; εHf(t) -6.2 to -
14.6; mean 8.5 ± 1.91 2S) with that of magmatic overgrowth and core-to-rim oscillatory zoned 
crystals. Zircon crystals from the central portion of the Galileia batholith display a wider variability 
and a clear crustal character than those from rocks sampled in the northern portion of the batholith 
(εHf(t)  = -5.2 to -9.3; Gonçalves et al., 2016) and, to the east, in the Carlos Chagas batholith (CCB) 
(εHf(t) = -1.8 to -8.2; Melo et al., 2017b) (blue and green star in Fig. 2a, respectively). Likewise, the 
Galiléia resorbed zircon are significantly more crustal than the similar inherited crystals from the 
CCB (εHf(t) = -1.9 to -7.4; Melo et al., 2017b). 
 
Rare Earth Elements (REEs) and incompatible elements (IEs) from resorbed cores, 
magmatic centers and edges have broadly similar patterns without significant difference between 
each domain. All zircon domains are enriched in non-stoichiometric Ca and Ba with values up to 
1823 and 4.78 ppm, respectively (data tables in the supplementary material). These, together with 
other elemental ratios such as Yb/Gd, Th/U, Sc/Th and Eu/Eu* do not correlate with the relative age 
(Fig. 9). The (Ce/Nd)N ratio [here used to approximate (Chelle-Michou et al., 2014) the Ce/Ce* 
Fig. 8. Hf isotopes analyeses vs. SF 206Pb/238U dates. a) εHft vs. 206Pb/238U dates; b) 176Hf/177Hf at present time (i.e. t = 0) 
against the relative zircon date; c) measured 176Hf/177Hft = 0 of the two standars used during our Hf analyses and plotted 
against a range of Pb-loss-derived dates. Note that the chosen range of dates is the same found for the Galiléia 
magmatic zircons. See text and Appendix E for furhter explanations.  





௭௥௖/௠௘௟௧) (Trail et al., 2012)] for magmatic zircons is rather 
scattered (0.32 ÷ 7.15) when compared to that of resorbed domains (0.32 ÷ 2.44). The values for 
(Ce/Nd)N in the resorbed cores are inversely correlated with age. Notably, (Ce/Nd)N ratios for both 
zircon domains are well below the reported range values from continental arc granitoids-derived 
zircons (11 ÷ 37; Grimes et al., 2015). Instead, they are similar to zircons crystallized from 
gabbrodiorites (2 ÷ 9) (Chelle-Michou et al., 2014) suggesting low oxygen fugacities (i.e. ƒO2) 
typical of mafic systems. Additionally, there is a slight decrease in Zr/Hf ratio from resorbed cores 

















Fig. 9. Zircon trace elements vs. high-precison multi collector dates. Errors are 2s. Normalization uses 
the Chondrite after McDonought & Suns, (1995). 
Stellenbosch University  https://scholar.sun.ac.za
115 
5. DISCUSSION 
5.1 Extreme U-Pb age variability: Pb Loss, inheritance, or multiple events of 
crystallization in a warm magma chamber? 
In-situ U-Pb zircon dates determined by conventional LA-SF-ICP-MS and high precision 
LA-MC-ICP-MS returned identical results, revealing extreme U-Pb age variability in magmatic 
zircons of the Galiléia Batholith (Figs. 5, 6 and 7).  Most samples of the batholith record concordant 
U-Pb zircon dates from 630 Ma to 550 Ma, implying either multiple events of early Pb loss, 
inheritance from the sedimentary rocks from the Rio Doce, or a natural preservation of magmatic 
zircon in a long-lived reservoir.  
Multiple events of early Pb-loss are rare in nature, being observed only in clearly high-
grade, sector zoned metamorphic zircons (e.g., Ashwall et al., 1999; Wang et al., 2011), whereas 
conventional Pb-loss should define a discordia line between the crystallization at 630 Ma and the 
timing of Pb-loss at 550 Ma. Data from high precision LA-MC-ICP-MS were however highly 
concordant, spreading along the concordia from 630 to 550 Ma. Conventional Pb-loss seems 
unlikely given the identical age range from each rock sample studied here. These samples were 
collected at least 10 km apart from each other and had petrographic and geochemical features 
similar to those from other parts of the body (Gonçalves et al., 2018; Pedrosa-Soares et al., 2011; 
Tedeschi et al., 2016). Furthermore, a close investigation of the relation between apparent trace 
elements, alpha dose, magmatic age dates and 176Hf/177Hf variation precludes any possibility of 
early Pb loss (SM4). Especially, the measured values of 176Hf/177Hft=0 against the relative zircon 
date are not linear (Fig. 8b) as expected and documented for zircons that have experienced Pb loss 
(e.g., c.f. Fig. 2 in Vervoort & Kemp, 2016). In fact, if Pb-loss would have occurred in the Galiléa 
samples, it would have created an invariant linear trend for 176Hf/177Hft=0 with varying 206Pb/238U 
dates. This is well explained in Fig. 5.8c, which models the 176Hf/177Hft=0 of the primary and 
secondary reference material measured during the analyses with a hypothetical range of dates 
derived from Pb-loss.  
The studied zircons record identical magmatic, oscillatory zoned textures, and similar trace 
element geochemistry, suggesting that they were not assimilated from the country rocks - the Rio 
Doce metasediments. This is strongly supported by recent studies (Degler et al., 2017; Schannor et 
al., 2018) showing that zircon populations belonging to the Rio Doce metasediments may record 
Paleoproterozoic ages, whereas other Mesoproterozoic zircon record a positive εHf(t ≥ 614 Ma), thus 
very different from those documented here.  
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In summary, our new geochronological dataset suggests a long-lived (ca. 80 Myrs), 
uninterrupted granitic magmatism, from ca. 630 to 555 Ma. The magmatic zircons are interpreted as 
autocrysts (ca. 555 – 560 Ma) and antecrysts (> 560 Ma), implying a long-lived injection of magma 
batches within the magma reservoir (i.e., where the Galiléia batholith was incrementally 
assembled). Zircon trace element geochemistry indicates an open-system behavior rather than a 
simple cooling and fractional crystallization at the level of magma emplacement. Notably, the 
contemporaneous crystallization of magmatic epidote (i.e. LREE-rich accessory mineral; Bea, 
1996) might have lowered the (Ce/Nd)N in the magmatic zircon and thus explaining the apparent 
contrasting low ƒO2s shown by the Galiléia zircons.  
The similar variability in trace element geochemistry and Hf isotopes between autocrysts 
and antecrysts imply that magma batches were geochemically similar. Many grains were entrapped 
in mafic minerals (i.e. biotite and amphiboles) which were not dissolved at each new magma 
injection, thus preserving the zircons from resorption. We believe that the continuous injection of 
compositionally similar magmas (and ensuing magma stirring and overturning within the chamber) 
could have erased former geochemical heterogeneities and redistributed zircon (autocysts and 
antecrysts) throughout the batholith (Burgisser & Bergantz, 2015; Huber et al., 2009). This 
uninterrupted melt arrival in a lower crustal crystal mush would also be responsible for keeping the 
system continuously above its solidus (Annen et al., 2006; Chashman et al., 2017). Moreover, latent 
heat buffering (i.e., mushification; Huber et al., 2009) might have contributed in extending the 
partially molten state of the mushy reservoir and lowered additional heterogeneities due to crystal-
liquid separation.   
We could not use Ti-in-Zr thermometer because Ti buffering mineral phases were lacking 
(see also Kent & Cooper, 2017), but P-T-t studies from various middle to lower crustal rocks (ca. 
0.5 GPa – 1.1 GPa) exposed within the Araçuaí orogen (Mondou et al., 2012; Melo et al., 2017a; 
Richter et al., 2015, Peixoto et al., 2017; Shannor et al., 2018) indicate depth of emplacement 
between 20 and 30 km and a regional geothermal gradient of ca. 30 °C/km. This is consistent with 
the occurrence of the high-pressure garnet-epidote-phengite mineral assemblage described by 
Narduzzi et al. (2017) for the Galiléia granites. Even when this low-medium geothermal gradient of 
30 °C/km is considered, this corresponds to a room temperature > 600 °C. Such a high temperature 
contributes to keep the magmatic system partially molten for tens of millions of years. 
We conclude that the Galiléia batholith is an eroded remnant of a Neoproterozoic magma 
chamber, which was assembled and stored within the lower crust, and kept warm (e.g. Barboni et 
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al., 2016) for approximately 80 Ma, at temperatures likely fluctuating between 650 to 750°C. 
Notably, similar age variation is found in another granitic body belonging to the Habahe Group in 
the Chinese Altai. This granite was assembled in an accretionary-prism between 440 – 370 Ma, at 
mid- to lower crustal levels (Jiang et al., 2016). Each individual sample collected from different 
parts of this granite (possibly > 10 km apart), records an age variability of more than 50 Myrs 
(magmatic zircon ages) (Cai et al., 2011). Like for the Galiléia samples, such age variability seems 
to encompass almost the entire life span of the whole granitic body. 
5.2 Nature of the source: mantle wedge or accretionary prims? 
The scarcity of mafic products associated with the lower crustal Galiléia batholith and the 
relatively unradiogenic 176Hf/177Hf and 143Nd/144Nd isotope chemistry of the Galiléia samples 
indicate that these rocks mostly formed by partial melting of the lower continental crust with only 
minor involvement of mantle-derived magmas during the assembly and growth of the Galiléia 
batholith. Moreover as already pointed out in Gonçalves et al. (2014) MASH processes would 
require a massive amount of crust to explain the geochemical and isotopic variability so far 
discussed. Such large crustal assimilation is energetically limited by the system as shown by 
Glazner (2007). Several samples with SiO2 < 55 wt.% have unradiogenic whole rock 143Nd/144Nd  - 
εNd range between -7 and -14 (Gonçalves et al., 2016, 2018; Tedeschi et al., 2016) which are 
consistent with the εHf obtained in this study.  These crustal isotopic values might suggest that the 
microgranular enclaves are not produced by mixing between mantle- and crustally-derived magma 
but through high-T partial melting of mafic-derived source such as gabbros or diorites (Clemens et 
al., 2017) and by hybridization of these magmas with their host. 
Considering a simple process of a basaltic underplating at 5 mm/yr in the lower crust (e.g., 
similar to that used to reproduce a silicic magmatism having time scales consistent with 
geochronological observations - Annen et al., 2006), after 80 Myrs of the Galiléia granitic 
magmatism, this would leave behind an unreasonable mafic crust thick ca. 400 km and distributed 
below the 15,000 km2 area of the batholith.  
In our previous study, we suggested that the Galiléia batholith share more similarities with 
those assembled in the accretionary wedge rather than those found in continental arcs settings 
(Narduzzi et al. 2017). Voluminous granitic plutons such as the Galiléia are mostly found in 
accretionary wedge, fore-arc and back-arc basin settings (Clemens et al., 2017; Clemens & Stevens 
2016; Jiang et al., 2016; Jeol et al., 2012; Melo et al., 2017a, 2017b; Foster & Goscombe, 2013) far 
from MASH/DCH zones, which are commonly linked to subduction settings. According to 
Stellenbosch University  https://scholar.sun.ac.za
118 
Clemens et al., (2011) and Clemens and Stevens, (2016) andesitic, volcanoclastic and immature 
sedimentary material accumulated within these tectonic settings are common and fertile sources for 
granitic magmatism. If these sources are continuously added into the deepest part of the 
accretionary prims (for melting) they will produce magmas of similar composition, which explains 
the long-lived and yet homogenous bulk rock chemistry of the Galiléia batholith. 
We propose that a long-lived erosion of an on-going (> 714 Ma this study) andesitic Rio 
Doce volcanic arc (e.g., Pedrosa-Soares et al., 2011), would allow volcanoclastic sediments into the 
accretionary prism (Fig. 10). The continuous additions of these fertile sediments at the source 
melting level would not only explain the bulk rock homogeneity, but also it seems a viable way to 
have magmatic zircons with disparate U-Pb dates but with a constant geochemistry and isotope 
composition. This interpretation also applies to the resorbed cores which are relatively older than 
auto- and antecrystic zircons and have (Ce/Nd)N values that suggest derivation from a more mafic 
system (i.e., andesitic-like; Chelle-Michou et al., 2011). We interpret such cores as inherited from a 
source, compositionally andesitic-like, and slightly older than the Galiléia granitoids. Considering 
the lower crustal character (25 – 30 km) of the garnet-bearing Galiléia granitoids (Narduzzi et al., 











Similar processes where the anatectic reworking of accretionary-related immature sediments 
caused protracted and voluminous granitic magmatism have been already recognized from similar 
Fig. 10. Accretionary prims evolutionary model for the Galiléia 
granitoids (not in scale). 
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geotectonic settings belonging to young (Barker et al., 1992; Farris et al., 2010; Jiang et al., 2016) 
as well as older accretionary systems (Clemens & Stevens, 2016; Clemens et al., 2017; Foster et al., 
2013; Jeol et al., 2012). Such processes must have been more important for the amalgamation of 
Gondwana Supercontinent when fertile sediments continuously fed many of these accretionary 
systems. Such fertile sediments were in turn derived from the erosion of exposed Neoproterozoic or 
older continental and arc-related lithologies (Genade de Araujo et al., 2014; Foster et al., 2013; 
Melo et al., 2017a, 2017b; Peixoto et al., 2013; Richter et al., 2015).   
6 CONCLUSION 
The lower crustal (25 – 30 km) Galiléia batholith, one of the largest (15,000 km2) granitic 
bodies in South America, records up to 80 Myrs of long-lived and uninterrupted granitic 
magmatism. The Galiléia and many other granitoids show that batholiths and plutons can be 
assembled over long times (>> 10 Myrs). There are no sufficient field, geochemical and isotopic 
evidence to call for MASH or DCH zones. Instead, whole rock geochemistry, zircon MC/SF dates, 
trace elements and Hf isotopes indicate recycling of crustal source likely derived from the erosion 
of an on-going andesitic Rio Doce volcanic arc from which fertile eroded material was constantly 
dragged down and partially melted within the deepest parts (> 30 km) of an accretionary wedge. 
Likewise younger examples (e.g., Jiang et al., 2016), Neoproterozoic accretionary prims, fore- and 
back-arc basins intruded by vast and voluminous silicic magmatism were commonplaces for the 
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6.1 GENESIS AND EVOLUTION OF A NEOPROTEROZOIC MAGMATIC ARC: THE 
CORDILLERAN-TYPE GRANITOIDS OF THE ARAÇUAÍ BELT, BRAZIL 
1. The large Galiléia batholith (ca. 15,000 km2) outcropping in the central part of the Araçuaí 
orogen (SE Brazil), is a metaluminous to slightly metaluminous (ASI = 0.97–1.07) 
Neoproterozoic (ca. 632–550 Ma; Pedrosa-Soares et al., 2011; Mondou et al., 2012) weakly 
foliated calc-alkaline granitoid body characterized by the widespread occurrence of 
grossular-rich magmatic garnet and magmatic epidote (Narduzzi et al., 2017). 
2. Field, petrographic and mineral chemical evidence indicate that garnet, epidote, biotite and 
white mica (low-Si phengite) are magmatic (Narduzzi et al., 2017).  
3. Comparison with experimental (Alonso-Perez et al., 2009; Green 1992) and natural data 
(Bach et al., 2012; Barnes & Allen, 2006; Day et al., 1992; Dawes & Evans, 1991; Harangi 
et al., 2001) indicate that the uncommon magmatic garnet+epidote±white mica assemblage  
in the Galiléia granitoids (Narduzzi et al., 2017) is consistent with granitic magma 
crystallization at pressures greater than 0.8 GPa (above 25 km depth) 
4. This suggest that the that the Galiléia batholith was assembled in the lower crust during the 
accretionary/collisional stages of the Neoproterozoic Brasiliano Orogeny (Pedrosa-Soares et 
al., 2011; Narduzzi et al., 2017) 
5. All the granitic samples collected from the central part of the Galiléia batholith together with 
previously published data, record extreme variability in U-Pb zircon magmatic ages from ca. 
630 to 555 Ma, indicating a long-lived and uninterrupted injection of magmas (80 Myrs) 
during the assembling of this batholith.  
6. Trace element geochemistry and Hf isotopes from the igneous zircons points to an open-
system crystallization, rather than a simple cooling following fractional crystallization at the 
level of magma emplacement. Moreover these data point towards a rather similar 
composition between the various batches of melts that constructed the body. 
7. Unradiogenic 176Hf/177Hf and 143Nd/144Nd isotope chemistry of the Galileía samples indicate 
strong crustal recycling without the involvement of mantle-derived magmas.  
8. These textural, geochronological and isotopic data are more akin to younger and older 
granitic plutons assembled within accretionary settings (Clemens et al., 2017; Farris, 2010; 
Jiang et al., 2016).  
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9. It is proposed that the giant Galiléia batholith was assembled in an accretionary prism during 
the Brasiliano Orogeny (Narduzzi et al., 2017).  
10. During the Brasiliano/Pan-African Orogeny, accretionary prism / fore- and back–arc settings 
probably represented important geological areas of voluminous silicic magma production, 
continental crust differentiation and stabilization (e.g. Foster & Goscombe 2013). 
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APPENDIX A 
Supplementary material of the manuscript presented in the chapter 4 
A1: Mineral chemistry 
For this study mineral chemistry analyses have been performed using using a Leo® 1430VP 
Scanning Electron Microscope at the Department of Earth Sciences, Stellenbosch University, South 
Africa. Thin sections were sputter-coated with carbon before imaging and analyses. Textures were 
studied in backscattered electron (BSE) mode and mineral compositions quantified by EDX 
(Energy Dispersive X-ray) analysis using an Oxford Instruments ® 133 keV ED X-ray detector and 
Oxford INCA software. During the quantitative analyses, beam conditions were 20 KV accelerating 
voltage and 1.5 A probe current, with a working distance of 8.5 mm.  Specimen beam current of 
−20.0 nA. X-ray counts were typically ~7000 cps with counting time at 50s live-time. Analyses 
were quantified using natural mineral standards. Especially for garnets with high MnO, Rhodonite 
was chosen for normalization. Mineral chemical compositions were recalculated to mineral 
stoichiometries to obtain mineral structural formulae. Equation of Droop (1987) was used for the 
estimative of Fe3+ concentration.  
A2: XRF analyses 
A total of 40 samples were collected during different sampling activities; ca. 10 kg were 
collected  for each sample and ca. 5 kg for each of 16 samples selected for this study were reduced 
in powder for whole-rock chemistry analysis. Analyses were performed at the Department of Earth 
Sciences, Stellenbosch University, South Africa. Calculation of the loss on ignition was done by 
placing powdered samples in an oven at 1000°C for 1 hour. Major element compositions were 
analysed by X-ray fluorescence spectrometry (XRF) on glass beads prepared with La-free flux. The 
internal standards were basalt BHVO-1 and granite NIM-G. For the granite, calculated uncertainties 
(twice the measured deviations for the granite standard expressed in wt.%) are: 0.35 for SiO2, 0.02 
for TiO2, 0.12 for Al2O3, 0.15 for FeOTot, 0.01 for MnO, 0.02 for MgO, 0.07 for CaO, 0.10 for 
Na2O, 0.02 for K2O and 0.01 for P2O5. Results are plotted after normalization to 100 wt.% volatile-
free. The same fused beads used for major element determination were used to obtain trace element 
compositions by applying the method described by Eggins (2003) and analysed using an Agilent 
7500 ICP-MS coupled with a Nd-YAG 223 nm New Wave LASER ablation (LA) system operating 
at a 12 Hz frequency with a mixed He-Ar carrier gas. Three analyses (each comprising a 30 s blank 
followed by data collection for 60 s) on each whole rock fused disc were obtained using a 100 μm 
diameter aperture, and the results averaged. After every three samples (i.e. every 10th analysis) 
Stellenbosch University  https://scholar.sun.ac.za
134 
NIST612 (Pearce et al. 1997) glass bead was analysed as a calibration standard, in addition to fused 
discs of NIM-G (granite) and BHVO-1 (basalt) that were analysed as secondary standards. Data 
were collected in time-resolved mode and were reduced using the SiO2 content measured by XRF 
as the internal standard. For each element, the reproducibility of replicate analyses of the samples, 
and deviation from the certified values of the secondary standards are less than 10%, and mostly 
less than 5 % relative. 
 
A3: OSM2 - Garnet major element profile 
 
Figure 1: major element profiles for the other garnets in Bt+Grt-bearing granitoids showing: (a) flat profiles and (b) 
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Table OSM1: Major element traverses on Galiléia garnets; analyses were done from rim to rim; (1) major elements are reported in wt.%; (2) bdl: below detection 
limit; (3) Mg# = Mg/(Mg+Fe2+) 
Sample 
No. FSV3 – tonalite – Bt+Grt - grt1 
mm 0.00 0.12 0.18 0.32 0.38 0.51 0.59 0.64 0.71 0.75 0.80 0.91 0.96 1.03 
SiO2 (1) 38.10 38.13 37.46 37.83 37.57 37.93 37.80 37.98 38.01 37.90 37.07 37.18 37.93 37.64 
TiO2 bdl (2) bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Al2O3 21.28 21.44 21.47 21.27 21.37 21.49 21.57 21.15 21.60 21.50 20.99 21.00 21.39 21.32 
FeOTot 22.16 21.31 22.80 23.58 26.08 26.07 26.09 25.89 25.98 26.05 25.69 25.93 26.98 25.86 
MnO 5.01 5.57 5.44 5.56 5.33 5.21 5.19 5.38 5.18 5.08 4.85 4.75 5.04 5.93 
MgO 0.77 0.71 0.82 1.13 1.50 1.67 1.56 1.74 1.57 1.72 1.73 1.66 1.64 1.27 
CaO 13.63 14.21 12.07 11.46 8.80 8.90 8.85 9.14 9.00 9.06 8.84 8.58 8.70 9.00 
Total 100.95 101.37 100.06 100.81 100.66 101.28 101.05 101.27 101.33 101.32 99.18 99.10 101.68 101.02 
Mg# (3) 0.06 0.06 0.06 0.08 0.09 0.10 0.10 0.11 0.10 0.11 0.11 0.10 0.10 0.08 
Alm 48.10 45.91 50.40 51.38 57.40 57.00 57.40 56.10 57.03 56.79 57.06 58.03 58.46 56.63 
Prp 2.98 2.72 3.23 4.37 5.90 6.52 6.11 6.71 6.16 6.70 6.86 6.61 6.35 4.94 
Grs 37.91 39.22 34.18 31.99 24.82 24.94 24.93 25.39 25.31 25.29 25.16 24.59 24.15 25.27 
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Continuation Table OSM1 
Sample No. FSV3 – tonalite – Bt+Grt - grt2 
mm 0.00 0.06 0.13 0.18 0.24 0.27 0.31 0.37 0.43 0.49 0.56 0.62 
SiO2 38.27 38.50 37.98 38.13 37.54 37.82 38.22 38.09 38.49 38.18 38.29 38.42 
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Al2O3 21.54 21.48 21.53 21.51 21.35 21.13 21.73 21.37 21.66 21.51 21.48 21.64 
FeOTot 21.37 21.01 24.73 25.46 24.07 24.25 24.08 21.63 21.07 21.59 22.21 22.60 
MnO 5.59 6.16 5.88 5.73 5.75 5.71 5.90 6.38 5.90 5.26 4.82 4.48 
MgO 0.68 0.81 1.16 1.41 1.20 1.25 1.12 0.81 0.81 0.71 0.77 0.83 
CaO 13.88 13.83 9.96 8.88 10.22 10.40 10.71 13.17 14.01 13.92 13.58 13.61 
Total 101.32 101.79 101.24 101.13 100.13 100.57 101.76 101.44 101.95 101.17 101.14 101.59 
Mg# 0.05 0.07 0.08 0.09 0.08 0.09 0.08 0.06 0.07 0.06 0.06 0.06 
Alm 46.42 45.28 54.34 56.37 53.32 53.19 52.62 46.61 45.37 46.91 48.42 49.07 
Prp 2.64 3.09 4.56 5.58 4.75 4.89 4.35 3.10 3.11 2.74 3.01 3.22 
Grs 38.63 38.19 28.02 25.19 29.02 29.24 29.98 36.36 38.65 38.75 37.93 37.86 
Sps 12.31 13.43 13.08 12.85 12.91 12.68 13.05 13.93 12.87 11.59 10.65 9.86 
             
Sample No. FSV3 – tonalite – Bt+Grt - grt3 
mm 0.00 0.17 0.25 0.40 0.58 0.83 0.92 1.08 1.19 1.30 1.39 
SiO2 37.44 38.19 38.37 38.01 37.89 37.57 37.67 37.56 37.80 38.07 38.65 
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Al2O3 20.94 21.45 21.57 21.24 21.45 21.29 21.09 21.25 21.50 21.13 21.59 
FeOTot 25.01 26.83 25.91 25.57 25.23 24.75 25.69 26.18 26.15 26.10 22.69 
MnO 5.66 4.84 5.09 5.52 5.54 5.74 5.57 5.01 5.14 5.42 4.34 
MgO 1.12 1.63 1.31 1.36 1.23 1.06 1.52 1.45 1.42 1.43 0.79 
CaO 9.72 9.07 9.66 9.28 10.07 10.48 9.04 9.37 9.32 9.06 13.69 
Total 99.87 102.01 101.92 100.99 101.42 100.90 100.58 100.83 101.33 101.20 101.76 
Mg# 0.07 0.10 0.08 0.09 0.08 0.07 0.10 0.09 0.09 0.09 0.06 
Alm 55.35 58.01 56.59 56.22 54.92 53.95 56.31 57.09 57.06 57.05 49.28 
Prp 4.40 6.28 5.10 5.35 4.77 4.12 5.94 5.65 5.53 5.58 3.07 
Grs 27.56 25.12 27.04 26.15 28.10 29.26 25.38 26.19 26.05 25.38 38.10 
Sps 12.69 10.59 11.27 12.28 12.21 12.67 12.37 11.06 11.36 11.99 9.54 
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Continuation Table OSM1 
Sample No. FGL6 –  granodiorite – Bt+Amp+Grt 
mm 0.00 0.07 0.09 0.13 0.17 0.25 0.29 0.39 0.54 0.57 0.57 0.63 0.67 0.87 0.94 1.01 
SiO2 37.69 37.77 37.73 37.82 37.87 37.76 37.71 37.94 37.17 36.50 38.12 38.59 38.29 38.63 37.85 38.80 
TiO2 bdl bdl bdl 0.13 bdl bdl 0.14 bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Al2O3 21.05 21.13 20.97 20.89 21.21 20.98 21.12 20.93 20.71 20.44 21.09 21.68 21.27 21.56 21.39 21.58 
FeOTot 19.87 19.92 19.83 19.72 19.92 19.53 19.75 19.89 18.93 19.67 20.06 20.22 19.65 20.10 20.29 19.51 
MnO 7.28 7.28 7.16 7.28 7.15 7.27 7.18 6.96 7.10 7.38 7.37 7.17 7.12 7.22 7.25 7.86 
MgO 0.76 0.86 0.87 0.88 0.97 0.94 0.75 0.79 0.72 0.91 0.82 0.93 0.88 0.82 0.86 0.73 
CaO 13.50 13.56 13.43 13.38 13.41 13.51 13.89 13.66 13.51 13.49 13.67 13.99 13.65 13.79 13.61 13.55 
Total 100.14 100.52 99.98 100.11 100.52 99.98 100.53 100.16 98.13 98.38 101.13 102.58 100.87 102.12 101.26 102.04 
Mg# 0.07 0.08 0.08 0.08 0.08 0.08 0.07 0.07 0.06 0.09 0.07 0.08 0.07 0.07 0.08 0.06 
Alm 43.30 43.11 43.26 43.05 43.23 42.58 42.79 43.39 42.34 42.72 43.14 42.96 42.78 43.19 43.54 42.29 
Prp 2.95 3.32 3.40 3.42 3.74 3.63 2.91 3.06 2.86 3.51 3.15 3.50 3.43 3.15 3.30 2.83 
Grs 37.68 37.62 37.52 37.42 37.31 37.73 38.55 38.18 38.71 37.54 37.66 38.10 38.09 37.95 37.40 37.63 
Sps 16.06 15.96 15.82 16.11 .15.72 16.06 15.75 15.37 16.08 16.24 16.06 15.43 15.71 15.71 15.76 17.25 
 
Sample No. FGL22 – granodiorite – Bt+Grt 
mm 0.00 0.41 0.83 1.54 2.62 2.95 3.55 3.93 4.39 
SiO2 38.07 37.99 37.71 37.47 37.64 37.68 37.41 37.55 37.38 
TiO2 bdl bdl bdl bdl 0.13 bdl 0.20 bdl 0.19 
Al2O3 21.64 21.82 21.19 21.11 21.32 21.28 20.92 21.32 21.28 
FeOTot 23.29 23.44 23.01 22.22 21.61 21.87 21.76 22.40 22.16 
MnO 4.74 5.39 5.73 6.24 6.61 6.31 6.12 5.70 5.32 
MgO 0.63 0.57 0.59 0.53 0.53 0.47 0.51 0.54 0.52 
CaO 12.80 12.59 12.01 12.16 12.58 12.67 12.75 12.64 12.84 
Total 101.17 101.79 100.25 99.74 100.42 100.27 99.66 100.15 99.69 
Mg# 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
Alm 51.07 50.91 50.84 49.30 47.65 48.24 48.14 49.42 49.32 
Prp 2.44 2.19 2.32 2.10 2.07 1.87 2.01 2.14 2.07 
Grs 35.96 35.03 34.01 34.56 35.53 35.80 36.14 35.17 36.62 
Sps 10.53 11.86 12.83 14.03 14.76 14.09 13.71 12.74 11.99 
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Continuation Table OSM1 
Sample No. FGL12 – granodiorite – Bt+Amp+Grt 
  
mm 0.00 0.21 0.31 0.40 0.52 0.64 0.72 0.83 0.97 1.04 1.13 1.24 1.33 1.40 1.45 1.51 
SiO2 37.56 37.68 37.07 37.96 37.50 37.24 37.28 37.62 37.68 37.41 37.89 37.70 37.97 37.60 38.01 37.97 
TiO2 bdl 0.18 bdl bdl 0.20 bdl bdl 0.16 0.17 bdl 0.13 0.40 bdl 0.17 bdl 0.18 
Al2O3 21.08 21.06 20.88 21.19 21.25 21.01 20.83 20.93 20.90 21.10 21.09 21.18 21.30 20.82 21.07 21.05 
FeOTot 19.40 19.10 18.63 18.99 18.75 18.99 19.12 18.88 18.68 19.10 18.82 18.31 19.07 18.54 18.79 18.96 
MnO 6.45 6.60 6.37 6.75 6.89 6.70 6.60 6.64 6.82 6.76 6.61 6.25 6.70 6.69 6.63 6.66 
MgO 0.86 0.78 0.77 0.80 0.75 0.79 0.74 0.74 0.74 0.73 0.71 0.68 0.81 0.72 0.73 0.73 
CaO 14.64 14.86 14.90 14.88 14.77 14.53 14.98 15.31 15.12 15.14 15.16 15.49 14.72 15.27 15.50 15.26 
Total 99.99 100.27 98.63 100.57 100.12 99.25 99.55 100.27 100.11 100.24 100.40 100.02 100.57 99.80 100.72 100.82 
Mg# 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.06 0.07 0.07 0.07 0.07 
Alm 41.97 41.32 40.90 41.00 40.79 41.47 41.28 40.58 40.37 40.95 40.74 40.06 41.32 40.16 40.27 40.71 
Prp 3.33 3.02 3.01 3.08 2.90 3.06 2.83 2.83 2.84 2.80 2.74 2.33 3.12 2.77 2.77 2.80 
Grs 40.57 41.20 41.91 41.17 41.15 40.64 41.45 42.14 41.87 41.57 42.03 43.43 40.85 42.39 42.58 41.99 
Sps 14.12 14.46 14.17 14.75 15.17 14.83 14.44 14.45 14.92 14.68 14.49 13.85 14.70 14.68 14.38 14.49 
 
Sample No. FGL12 – granodiorite – Bt+Amp+Grt (continued) 
mm 1.62 1.71 1.98 2.14 2.25 2.41 2.49 2.57 2.72 
SiO2 37.87 37.62 37.79 37.99 37.96 37.36 37.92 37.75 37.62 
TiO2 0.34 0.20 bdl bdl bdl bdl bdl 0.22 bdl 
Al2O3 21.03 21.22 21.22 21.12 21.10 21.19 21.18 21.14 21.08 
FeOTot 19.05 18.71 18.98 19.61 19.30 19.40 19.51 19.33 19.73 
MnO 6.59 6.60 6.62 6.53 6.41 6.39 6.44 6.72 6.84 
MgO 0.77 0.79 0.84 0.96 0.86 0.87 0.80 0.96 0.83 
CaO 15.10 15.19 14.59 14.38 15.62 15.63 14.34 14.49 14.15 
Total 100.75 100.34 100.02 100.58 100.25 99.84 100.19 100.60 100.25 
Mg# 0.07 0.07 0.08 0.08 0.08 0.08 0.07 0.09 0.07 
Alm 41.02 40.44 41.39 42.31 41.90 42.03 42.58 41.65 42.66 
Prp 2.96 3.05 3.25 3.71 3.33 3.35 3.10 3.70 3.19 
Grs 41.66 42.06 40.75 39.73 40.68 40.60 40.09 39.99 39.18 
Sps 14.36 14.45 14.61 14.26 14.10 14.02 14.23 14.66 14.97 
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Continuation Table OSM1 
Sample No. FGL15 – granodiorite – Bt+Grt 
mm 0.00 0.05 0.11 0.16 0.22 0.27 0.34 0.50 0.58 0.71 0.77 0.85 0.93 1.00 1.09 1.09 
SiO2 38.53 38.40 38.23 38.05 38.32 38.57 38.71 38.54 38.12 38.57 38.72 38.92 38.92 38.24 38.52 38.55 
TiO2 bdl 0.21 bdl 0.17 bdl bdl 0.13 0.20 0.19 0.20 0.19 bdl 0.25 0.13 0.16 bdl 
Al2O3 21.54 21.66 21.27 21.71 21.63 21.64 21.90 21.46 21.41 21.84 21.63 21.72 21.53 21.65 22.05 21.73 
FeOTot 20.51 19.74 19.39 19.24 19.36 19.39 19.38 18.51 18.29 18.67 18.92 19.73 19.07 19.47 20.09 19.89 
MnO 6.78 6.71 7.20 7.42 7.56 7.89 7.89 8.14 7.89 8.17 8.23 7.61 7.77 7.39 7.19 7.08 
MgO 0.71 0.56 0.62 0.54 0.65 0.53 0.61 0.57 0.58 0.59 0.50 0.67 0.63 0.69 0.58 0.58 
CaO 12.90 13.08 12.98 12.96 12.92 12.73 13.03 13.01 12.90 12.80 12.63 12.71 12.93 12.79 12.54 12.51 
Total 100.96 100.38 99.70 100.09 100.44 100.74 101.66 100.43 99.38 100.38 100.83 101.36 101.10 100.36 101.13 100.34 
Mg# 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.06 0.06 0.05 0.05 
Alm 45.42 44.52 43.65 43.40 43.28 43.43 42.92 41.66 41.72 42.07 42.67 43.94 42.74 43.68 45.17 45.07 
Prp 2.79 2.35 2.50 2.18 2.57 2.12 2.39 2.27 2.36 2.37 2.03 2.65 2.52 2.77 2.32 2.36 
Grs 36.59 37.80 37.42 37.46 37.02 36.55 36.99 37.51 37.70 36.93 36.51 36.25 37.11 36.76 36.14 36.31 
Sps 15.20 15.33 16.42 16.95 17.12 17.90 17.69 18.56 18.22 18.63 18.80 17.16 17.62 16.80 16.37 16.26 
                 
 
Sample No. FGL15 – granodiorite – Bt+Grt (continued) 
mm 1.19 1.29 1.38 1.45 1.49 1.56 1.60 1.68 1.76 1.82 1.87 1.92 1.95 1.99 
SiO2 38.52 38.36 38.52 38.71 38.51 38.55 39.02 38.73 38.80 38.86 38.34 39.22 39.20 38.89 
TiO2 0.13 bdl 0.21 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Al2O3 21.61 21.89 21.59 21.73 21.60 21.94 21.92 21.94 21.99 21.70 21.53 21.85 22.02 21.67 
FeOTot 19.88 20.54 20.80 20.82 20.56 19.99 20.16 20.41 20.42 20.89 21.08 21.37 21.67 20.91 
MnO 7.42 6.61 6.45 6.00 6.43 6.83 6.68 6.35 6.01 5.76 5.51 5.13 4.79 4.10 
MgO 0.69 0.71 0.63 0.77 0.67 0.71 0.68 0.60 0.68 0.74 0.74 0.73 0.71 0.85 
CaO 12.26 12.46 12.71 13.14 12.82 12.50 12.91 12.91 12.93 12.91 13.12 13.22 13.33 13.88 
Total 100.49 100.58 100.90 101.16 100.58 100.52 101.37 100.94 100.84 100.87 100.33 101.51 101.71 100.29 
Mg# 0.06 0.06 0.05 0.06 0.05 0.06 0.06 0.05 0.06 0.06 0.06 0.06 0.06 0.07 
Alm 44.84 46.18 46.49 46.16 46.00 45.23 45.13 45.92 46.11 46.85 47.05 47.71 48.30 47.14 
Prp 2.76 2.86 2.50 3.05 2.66 2.86 2.70 2.41 2.74 2.95 2.95 2.89 2.84 3.42 
Grs 35.45 35.90 36.40 37.32 36.76 36.25 37.03 37.20 37.41 37.11 37.54 37.81 38.06 40.09 
Sps 16.95 15.06 14.61 13.47 14.58 15.66 15.14 14.47 13.74 13.09 12.47 11.60 10.81 9.36 
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Continuation Table OSM1 
Sample No. FGL16 –  enclave 
mm 0.00 0.06 0.10 0.18 0.22 0.29 0.34 0.40 0.55 0.84 1.08 1.42 1.85 2.24 2.52 2.65 
SiO2 38.50 38.25 38.42 38.09 38.00 38.20 38.19 38.17 37.58 38.52 38.64 38.28 38.25 37.62 38.14 37.66 
TiO2 0.14 bdl bdl bdl bdl bdl 0.19 bdl bdl bdl 0.16 0.14 bdl 0.22 bdl 0.21 
Al2O3 21.46 21.30 21.43 21.44 21.31 21.43 21.62 21.73 21.33 21.62 22.40 21.45 21.39 21.35 21.52 21.12 
FeOTot 20.65 20.92 20.45 20.46 20.73 20.34 19.93 20.65 19.82 20.25 19.84 19.69 19.02 18.70 18.76 18.46 
MnO 4.29 4.59 4.79 4.82 4.90 5.32 5.22 5.76 5.98 6.60 6.70 6.76 7.77 8.02 8.25 8.23 
MgO 0.75 0.88 0.81 0.86 0.87 0.88 0.78 0.81 0.76 0.68 0.83 0.68 0.77 0.60 0.75 0.70 
CaO 14.87 14.58 14.70 15.52 14.37 14.29 14.56 14.30 14.22 14.32 14.26 13.81 13.39 13.43 13.28 13.34 
Total 100.65 100.51 100.61 100.18 100.18 100.43 100.50 101.42 99.70 102.00 102.83 100.82 100.59 99.94 100.71 99.71 
Mg# 0.06 0.07 0.07 0.08 0.07 0.07 0.07 0.07 0.07 0.06 0.07 0.06 0.07 0.05 0.07 0.06 
Alm 45.51 45.67 44.87 44.99 45.40 44.66 44.03 44.64 43.60 43.56 42.78 43.33 41.87 41.46 41.26 40.90 
Prp 2.94 3.41 3.16 3.37 3.42 3.32 3.07 3.12 2.99 2.60 3.17 2.68 3.03 2.37 2.95 2.77 
Grs 41.98 40.77 41.32 40.90 40.32 40.20 41.22 39.62 40.08 39.46 39.40 38.92 37.78 38.15 37.42 37.87 
Sps 9.57 10.15 10.65 10.74 10.87 11.83 11.68 12.61 13.33 14.38 14.64 15.06 17.32 18.01 18.38 18.46 
 
                 
Sample No. FGL16 –  enclave (continued) 
mm 2.76 3.19 3.37 3.45 3.75 4.08 4.31 4.41 4.51 4.70 4.85 5.01 5.15 5.33 5.51 5.61 5.67 5.71 
SiO2 37.97 37.89 38.05 37.21 37.78 37.90 38.18 38.40 38.33 38.16 37.85 38.33 38.15 37.72 38.25 38.32 38.04 37.55 
TiO2 0.13 bdl 0.16 0.29 0.15 bdl bdl bdl bdl bdl 0.15 0.22 bdl 0.16 bdl bdl bdl bdl 
Al2O3 21.11 21.03 21.17 21.31 21.15 21.49 21.74 21.59 21.45 21.45 21.15 21.31 21.54 21.30 20.94 21.59 21.22 21.31 
FeOTot 18.76 18.93 18.82 18.81 19.01 19.86 20.21 19.15 19.08 19.13 19.61 19.39 19.93 20.04 19.53 20.52 20.10 20.33 
MnO 7.73 7.94 7.85 8.09 7.59 6.84 5.69 7.07 7.30 7.19 6.77 6.53 6.47 5.90 4.99 5.04 5.01 4.67 
MgO 0.79 0.73 0.82 0.68 0.75 0.61 0.83 0.69 0.74 0.79 0.65 0.92 0.72 0.80 0.70 0.78 0.77 0.84 
CaO 13.21 13.20 13.31 13.45 13.49 13.09 14.41 13.88 14.19 13.82 13.95 14.17 14.21 14.26 14.33 14.36 14.40 14.72 
Total 99.70 99.72 100.19 99.84 99.92 99.79 101.08 100.77 101.10 100.52 100.12 100.87 101.02 100.18 98.74 100.61 99.54 99.43 
Mg# 0.07 0.06 0.07 0.06 0.07 0.05 0.07 0.06 0.07 0.07 0.06 0.08 0.06 0.07 0.06 0.06 0.06 0.07 
Alm 41.76 41.89 41.56 41.39 41.97 44.49 43.99 42.25 41.50 42.04 43.10 42.34 43.34 43.84 44.20 45.50 44.67 44.76 
Prp 3.14 2.87 3.22 2.68 2.95 2.44 3.21 2.72 2.88 3.08 2.53 3.56 2.80 3.10 2.83 3.05 3.06 3.31 
Grs 37.68 37.44 37.66 37.91 38.13 37.56 40.27 39.24 39.53 38.89 39.28 39.65 39.60 39.97 41.53 40.51 40.99 41.51 
Sps 17.42 17.80 17.57 18.02 16.95 15.51 12.54 15.79 16.09 15.99 15.08 14.45 14.26 13.08 11.43 11.24 11.28 10.42 
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Table OSM3: Epidote mineral chemisty: (1) major elements are reported in wt.%; (2) bdl: below detection limit; (3) Ps = (Fe3+/ Fe3++Al)*100 
Sample No. FSV3 – tonalite – Bt+Grt  
 Ep1 Ep2 Ep3 Ep4 
 Matrix Matrix Matrix Matrix 
SiO2 (1) 40.13 38.76 38.60 38.38 38.88 38.46 
TiO2 0.22 0.40 0.19 0.23 0.31 38.46 
Al2O3 26.55 26.76 26.46 26.51 26.66 26.82 
FeOTot 6.89 6.46 6.65 6.40 6.56 6.48 
MnO bdl(2) bdl bdl bdl bdl bdl 
CaO 20.62 22.06 22.39 22.52 22.63 22.18 
Total 94.40 94.44 94.28 94.04 95.03 94.20 
Ps(3) 15.50 14.60 15.10 14.60 14.90 14.60 
 
Sample No. FGL6  – granodiorite  - Bt+Amp+Grt 
 Ep1 Ep2 Ep 
 Matrix Matrix Inclusion in garnet 
SiO2 37.99 38.88 38.48 38.91 38.03 38.42 
TiO2 0.21 0.14 0.30 0.22 0.19 0.17 
Al2O3 25.56 26.00 25.58 25.68 26.24 26.71 
FeOTot 7.94 7.66 7.79 8.08 7.03 7.47 
MnO 0.17 bdl 0.15 0.16 0.27 0.27 
CaO 23.76 23.71 23.52 23.71 23.06 23.84 
Total 95.62 96.39 95.82 96.77 94.82 96.89 
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Continuation Table OSM3 
Sample No. FGL7 – granodiorite – Bt+Amp 
 Ep1 Ep2 Ep 
 Matrix Matrix Inclusion in amphibole 
SiO2 38.58 37.99 39.22 38.23 38.51 
TiO2 0.15 0.14 bdl bdl bdl 
Al2O3 26.64 26.03 27.31 25.54 24.94 
FeOTot 7.35 7.88 7.33 9.56 10.01 
MnO 0.15 bdl 0.16 0.89 0.49 
CaO 24.04 24.09 24.38 23.35 23.72 
Total 96.92 96.13 98.39 97.57 95.65 
Ps 16.40 17.70 16.00 21.00 22.20 
 
Sample No. FGL12 – granodiorite  - Bt+Amp+Grt 
 Ep1 Ep2 Ep  
 Matrix Matrix Inclusion in garnet 
SiO2 38.54 38.38 38.12 38.55 37.88 38.97 38.37 38.12 37.65 
TiO2 bdl bdl bdl 0.18 0.18 0.17 0.21 0.23 0.32 
Al2O3 26.25 25.75 26.04 26.90 26.46 26.67 26.30 27.17 26.80 
FeOTot 8.15 8.38 8.56 7.21 6.98 7.59 7.70 6.01 5.84 
MnO bdl 0.24 bdl 0.26 bdl bdl 0.17 0.22 0.17 
CaO 24.02 23.92 24.15 23.97 23.97 23.88 24.11 23.92 23.42 
Total 96.95 96.67 96.88 97.07 95.47 97.29 96.85 95.66 94.21 
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Continuation Table OSM3 
Sample No. FGL14 - granodiorite - Bt 
 Ep1 Ep2 Ep3 
 Matrix Matrix Matrix 
SiO2 38.27 38.15 38.99 38.79 38.66 38.79 38.84 
TiO2 0.15 0.22 0.24 0.18 0.14 bdl bdl 
Al2O3 24.74 24.39 24.86 24.87 24.79 25.23 24.86 
FeOTot 9.62 10.12 10.10 9.84 9.98 9.67 9.68 
MnO 0.32 0.24 0.29 0.28 0.20 0.18 0.33 
CaO 23.73 24.03 23.72 23.85 23.73 24.08 24.22 
Total 96.82 97.15 98.20 97.80 97.50 97.95 97.93 
Ps 21.60 22.70 22.40 21.90 22.20 21.40 21.70 
 
Sample No. FGL15 – granodiorite – Bt+Grt 
 Ep1 Ep Ep/Zo Zo 
 Matrix Inclusions in garnet Inclusion in plagioclase Inclusion in garnet 
SiO2 38.11 38.15 38.21 38.81 38.70 39.23 38.87 38.60 38.60 38.40 
TiO2 0.15 0.25 bdl bdl bdl bdl bdl bdl bdl bdl 
Al2O3 26.12 25.59 27.60 27.76 28.33 29.01 28.90 30.62 30.64 29.17 
FeOTot 6.95 7.51 5.63 5.12 4.48 4.38 4.16 1.72 1.90 2.75 
MnO 0.27 0.19 0.24 0.32 bdl 0.17 0.17 0.41 0.34 0.40 
CaO 22.67 22.81 22.76 22.50 23.26 23.36 23.40 23.20 23.29 22.87 
Total 94.27 94.40 94.43 94.51 94.77 96.15 95.50 94.54 94.77 93.60 
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Continuation Table OSM3 
Sample No. FGL16 - encalve 
 Ep1 Ep2 Ep3 Ep 
 Matrix Matrix Matrix Inclusion in garnet 1 
SiO2 39.01 39.37 38.83 39.01 39.36 38.73 39.06 39.20 
TiO2 bdl 0.13 0.28 bdl 0.16 0.18 0.15 0.20 
Al2O3 26.84 27.08 27.44 26.60 26.59 26.57 26.83 26.91 
FeOTot 7.25 7.00 6.25 7.88 7.97 8.04 7.53 7.13 
MnO bdl 0.15 0.18 0.22 bdl bdl bdl bdl 
CaO 23.86 24.10 23.91 23.92 24.34 23.88 23.77 24.20 
Total 96.96 97.83 96.89 97.63 98.41 97.10 97.34 97.64 





FGL16 – encalve (continued) 
 Ep Ep/Zo 
 Inclusion in garnet 2 Inclusion in amphibole Inclusion in plagioclase 1 
Inclusion in 
plagioclase 2 
SiO2 39.22 38.82 39.35 39.08 39.03 38.64 38.36 38.82 39.14 38.69 39.09 
TiO2 0.20 0.16 0.21 0.14 0.14 bdl bdl bdl 0.17 0.14 bdl 
Al2O3 27.49 27.50 27.67 28.07 26.67 26.15 26.76 28.35 28.08 27.97 28.46 
FeOTot 6.11 5.96 6.44 6.11 7.11 7.70 7.42 5.48 5.41 5.25 5.52 
MnO bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
CaO 23.95 24.94 24.33 24.27 24.06 24.10 23.87 24.23 24.68 23.79 24.20 
Total 96.96 96.38 98.00 97.67 97.01 96.60 94.41 97.08 97.48 95.84 97.27 
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Continuation Table OSM3 
Sample No. FGL22 - granodiorite - Bt+Grt 
 Ep1 Ep2 Ep/Zo  
 Matrix Matrix Inclusion in plagioclase 1 Inclusion in plagioclase 2 
SiO2 38.15 37.65 37.67 37.76 38.44 38.51 39.11 39.28 38.24 38.20 
TiO2 0.00 0.18 0.16 0.13 bdl bdl bdl bdl bdl bdl 
Al2O3 25.06 25.09 25.27 24.77 27.16 27.98 27.37 24.48 26.37 26.76 
FeOTot 8.78 8.59 7.74 9.01 6.12 5.39 7.17 7.28 6.96 6.98 
MnO 0.14 0.24 0.26 0.21 0.18 bdl bdl bdl bdl 0.14 
CaO 23.62 23.72 22.91 23.49 23.83 23.76 24.72 24.87 23.90 24.11 
Total 95.75 95.47 94.01 95.36 95.73 95.64 98.37 95.90 95.48 95.18 
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Table OSM4: Micas mineral chemisty: (1) major elements are reported in wt.%; (2) bdl: below detection limit; (3) Fe# = (FeTot/ FeTot+Mg)*100; (4) note that this 
parameter has been calculated only for the White micas and not for Biotites. Vice versa fro the Fe# 
Sample No. FGL6 – granodiorite  - Bt+Amp+Grt 
 Biotite1 Biotite2 Biotite3 Biotite4 
 matrix matrix matrix matrix 
SiO2 35.27 35.53 35.80 36.81 36.45 36.09 35.95 
TiO2 2.25 2.00 2.53 2.26 1.80 1.47 2.24 
Al2O3 16.11 16.29 15.94 16.55 17.04 17.15 16.28 
FeOTot 22.77 22.43 22.54 22.10 22.78 22.90 23.20 
MnO 0.29 0.44 0.42 0.38 0.31 0.43 0.36 
MgO 8.07 8.08 7.88 8.18 8.21 8.62 7.94 
CaO bdl bdl 0.10 bdl bdl bdl bdl 
Na2O 0.20 0.15 bdl 0.15 0.17 0.00 0.16 
K2O 9.57 9.56 9.32 9.50 9.65 9.66 9.61 
Total 94.53 94.49 94.53 95.93 96.41 96.33 95.74 
Fe# 0.61 0.61 0.62 0.60 0.61 0.60 0.62 








Stellenbosch University  https://scholar.sun.ac.za
Stellenbosch University  https://scholar.sun.ac.za
148 
Continuation Table OSM4 
Sample No. FGL14 - granodiorite - Bt 
 Biotite matrix 
SiO2 36.28 36.83 35.53 35.38 
TiO2 2.84 2.29 2.14 2.25 
Al2O3 17.06 17.60 16.83 16.96 
FeOTot 22.95 22.53 21.63 21.95 
MnO 0.48 0.42 0.48 0.38 
MgO 8.05 8.43 7.98 8.25 
CaO bdl bdl 0.11 0.12 
Na2O bdl bdl bdl bdl 
K2O 9.76 9.88 9.38 9.59 
Total 97.41 97.99 94.07 94.87 
Fe# 0.38 0.40 0.40 0.40 
FeTot+Mg - - - - 
     
Sample No. FGL15  – granodiorite – Bt+Grt 
 Biotite matrix Sericite ( WM2 secondary white mica) 
SiO2 36.22 36.29 36.07 36.36 46.63 46.72 46.34 47.78 
TiO2 1.99 1.53 1.59 1.79 0.12 0.12 bdl bdl 
Al2O3 17.66 17.91 17.45 17.79 37.14 35.87 36.22 35.47 
FeOTot 22.30 22.19 22.64 22.32 0.61 1.70 0.97 1.35 
MnO 0.28 0.22 0.33 0.36 bdl bdl bdl bdl 
MgO 7.05 7.42 7.07 6.99 0.38 0.17 0.24 0.46 
CaO bdl bdl bdl 0.12 bdl bdl bdl bdl 
Na2O bdl bdl bdl bdl 0.25 0.22 0.16 0.18 
K2O 9.45 9.52 9.39 9.44 9.81 10.13 10.35 9.99 
Total 94.95 95.08 94.68 95.17 94.94 94.93 94.28 95.22 
Fe# 0.64 0.63 0.64 0.64 - - - - 
FeTot+Mg - - - - 0.070 0.111 0.078 0.120 
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Continuation Table OSM4 
Sample No. FGL16 - enclave 
 Biotite1 Biotite2 Biotite3 Biotite1 Biotite2 
 matrix matrix matrix inclusion in garnet 1 
SiO2 35.66 36.26 36.20 36.85 35.50 35.93 35.79 35.60 35.57 35.96 35.01 
TiO2 1.77 1.98 2.03 1.94 1.80 1.10 1.46 1.90 2.19 2.20 2.32 
Al2O3 17.10 17.35 17.43 17.40 17.29 17.48 17.02 16.01 16.23 16.61 16.39 
FeOTot 22.44 22.08 22.04 21.79 22.20 22.14 21.96 22.86 23.10 22.88 22.71 
MnO 0.28 0.28 0.23 0.25 0.38 0.33 0.32 0.29 0.39 0.26 0.38 
MgO 7.73 7.99 7.87 8.16 7.73 8.04 7.96 7.93 7.87 7.95 7.75 
CaO 0.13 bdl bdl 0.13 0.29 bdl bdl bdl bdl bdl 0.12 
Na2O bdl bdl bdl bdl bdl 0.17 0.20 bdl bdl bdl bdl 
K2O 9.57 9.65 9.60 9.61 9.25 9.58 9.66 9.60 9.48 9.68 9.31 
Total 94.68 95.59 95.39 96.13 94.59 94.81 94.17 94.19 94.84 95.53 93.99 
Fe# 0.62 0.61 0.61 0.60 0.62 0.61 0.61 0.62 0.62 0.62 0.62 
FeTot+Mg - - - - - - - - - - - 
 
Sample No. FGL16 - enclave (enclave) 
 Biotite3 inclusion in garnet 1 Sericite ( WM2 secondary white mica) 
SiO2 35.42 34.78 48.67 48.66 48.83 48.72 49.83 
TiO2 3.00 2.64 bdl bdl 0.15 0.05 0.38 
Al2O3 16.01 16.33 35.69 36.03 36.42 36.04 34.41 
FeOTot 22.63 23.17 1.99 2.10 2.17 2.09 2.19 
MnO 0.35 0.40 bdl bdl bdl bdl bdl 
MgO 7.71 7.86 0.65 0.61 0.55 0.60 1.07 
CaO bdl 0.14 bdl bdl bdl bdl 0.14 
Na2O bdl 0.20 0.25 0.22 0.16 0.21 0.17 
K2O 9.46 8.94 10.94 11.15 11.25 11.11 10.00 
Total 94.57 94.45 98.18 98.78 99.53 98.83 98.18 
Fe# 0.62 0.62 - - - - - 
FeTot+Mg - - 0.170 0.172 0.168 0.182 0.220 
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Continuation Table OSM4 
Sample No. FGL22  – granodiorite – Bt+Grt 
 Biotite1 Biotite2 Biotite3 
 matrix matrix matrix 
SiO2 35.47 35.52 35.88 35.86 35.84 35.67 
TiO2 2.27 2.18 2.11 2.32 2.50 2.53 
Al2O3 17.48 17.85 17.89 17.82 17.67 17.47 
FeOTot 24.07 24.01 23.28 22.98 23.58 23.56 
MnO 0.25 0.19 0.31 0.26  0.28 MgO 5.82 5.75 5.88 5.92 5.74 5.75 
CaO bdl bdl 0.16 bdl bdl bdl 
Na2O bdl bdl bdl bdl bdl bdl 
K2O 8.92 9.09 9.25 9.29 9.26 9.35 
Total 94.28 94.60 94.76 94.42 94.59 94.61 
Fe# 0.70 0.70 0.69 0.69 0.70 0.70 
FeTot+Mg - - - - - - 
Sample No. FGL22  – granodiorite – Bt+Grt (continued) 
 Biotite White mica (WM1 primary) 
 inclusion in garnet 1 inclusion in garnet 2 matrix inclusion in garnet 
SiO2 35.77 35.66 35.72 35.31 47.19 47.51 49.28 
TiO2 2.98 3.21 2.40 2.44 0.26 0.22 0.21 
Al2O3 17.11 17.10 17.18 17.28 35.52 32.13 33.69 
FeOTot 23.49 23.18 23.87 23.55 3.89 3.53 2.92 
MnO 0.18 0.29 0.34 0.43 bdl bdl bdl 
MgO 5.89 5.65 6.17 5.88 1.47 1.39 1.19 
CaO bdl bdl 0.13 bdl bdl bdl bdl 
Na2O bdl 0.25 bdl bdl 0.18 0.23 0.19 
K2O 9.21 9.13 9.29 9.38 9.60 10.34 8.96 
Total 94.63 94.46 95.10 94.27 95.12 95.34 96.43 
Fe# 0.69 0.70 0.68 0.69 - - - 
FeTot+Mg - - - - 0.365 0.336 0.275 
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Table OSM5: Amphibole mineral chemisty: (1) major elements are reported in wt.%; (2) Mg# = Mg/(Mg+Fe2+) 
Sample No. FGL6 - granodiorite - Bt+Amp+Grt 
 Amphibole 1 Amphibole 2 Amphibole 3 Amphibole  
 matrix matrix matrix inclusion in garnet 
 core rim1 rim2 core rim core  rim   
SiO2 (1) 45.79 43.39 42.54 47.22 43.44 43.12 41.69 42.45 
TiO2 0.91 0.77 0.70 0.93 0.70 0.72 0.68 0.61 
Al2O3 9.00 11.41 13.32 7.68 12.25 12.46 13.68 14.09 
FeOTot 19.99 20.11 20.98 18.45 20.28 20.57 20.98 20.60 
MnO 0.67 0.69 0.55 0.64 0.60 0.66 0.64 0.50 
MgO 8.33 7.09 6.37 9.39 7.01 6.84 6.06 6.15 
CaO 11.93 11.73 11.71 11.71 11.90 11.82 11.71 11.83 
Na2O 0.87 0.95 1.01 0.94 1.04 0.96 1.07 1.03 
K2O 1.00 1.21 1.42 0.61 1.24 1.33 1.60 1.36 
Total 98.49 97.35 98.60 97.57 98.45 98.48 98.11 98.62 
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Continuation Table OSM5:  
Sample No. FGL7 - granodiorite - Bt+Amp       
 Amphibole 1 Amphibole 2 Amphibole 3 
 matrix matrix matrix 
 core rim core rim 
SiO2 47.84 46.66 46.88 46.83 
TiO2 0.77 0.83 0.70 0.69 
Al2O3 7.72 8.99 8.81 9.28 
FeOTot 18.13 18.43 18.68 18.79 
MnO 0.54 0.55 0.56 0.60 
MgO 9.76 9.12 9.24 9.03 
CaO 11.88 12.12 12.14 12.13 
Na2O 0.82 0.72 0.99 0.88 
K2O 0.70 0.86 0.77 0.72 
Total 98.16 98.28 98.77 98.95 
Mg# 0.51 0.48 0.48 0.48 
 
Sample No. FGL12  - granodiorite - Bt+Amp+Grt 
 Amphibole 1 Amphibole 2 Amphibole 3 
 matrix matrix matrix 
 core rim core rim core  rim 
SiO2 44.85 42.52 46.16 41.07 42.18 41.59 
TiO2 0.68 0.60 0.70 0.69 0.49 0.74 
Al2O3 10.11 12.51 8.68 14.02 12.58 13.49 
FeOTot 19.01 19.26 18.66 19.85 19.56 19.61 
MnO 0.54 0.42 0.55 0.56 0.44 0.44 
MgO 8.14 6.91 8.79 6.37 6.70 6.41 
CaO 11.86 11.87 11.81 11.66 11.97 11.81 
Na2O 0.89 0.93 0.78 0.90 0.94 1.02 
K2O 0.98 1.28 0.79 1.63 1.16 1.38 
Total 97.06 96.33 96.91 96.74 96.01 96.49 
Mg# 0.45 0.40 0.47 0.39 0.39 0.38 
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Continuation Table OSM5:  
 
Sample No. FGL16 - enclave 
 Amphibole 1 Amphibole 2 Amphibole 3 Amphibole 4 Amphibole 5 
 matrix matrix matrix matrix matrix 
core1 core2 rim rim core  rim core core rim 
SiO2 41.53 41.68 41.28 42.03 41.40 41.48 41.44 41.44 41.59 
TiO2 0.53 0.67 0.61 0.49 0.55 0.61 0.69 0.73 0.54 
Al2O3 15.20 15.11 15.25 14.89 14.78 15.23 14.79 15.13 15.15 
FeOTot 20.47 20.47 20.61 20.61 20.53 20.52 20.11 20.59 20.85 
MnO 0.39 0.40 0.31 0.37 0.38 0.39 0.35 0.33 0.46 
MgO 5.80 5.88 5.82 5.97 5.95 6.09 5.71 5.82 5.75 
CaO 11.90 11.83 11.87 11.78 12.24 11.64 11.76 11.85 11.81 
Na2O 1.05 1.08 1.10 1.11 1.02 1.04 1.05 1.10 1.00 
K2O 1.70 1.69 1.71 1.67 1.54 1.70 1.63 1.73 1.59 
Total 98.58 98.80 98.56 98.91 98.40 98.71 97.53 98.73 98.73 
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Table OSM6: Feldspar mineral chemisty: (1) major elements are reported in wt.%; (2) bdl: below detection limit 
Sample No. FSV3 - tonalite - Bt+Grt 
 Plagioclase Plagioclase Plagioclase 
 matrix inclusion in garnet Corona core  rim core  rim Close to grt core close to Bt 
SiO2 (1) 53.79 57.02 51.78 53.16 53.48 54.08 55.53 
Al2O3 28.73 27.92 29.92 29.32 29.60 29.11 27.94 
FeOTot bdl(2) bdl 0.47 0.49 bdl 0.14 0.15 
CaO 12.11 10.49 13.66 12.88 12.81 12.28 9.39 
Na2O 4.83 6.02 3.87 4.43 4.55 4.69 6.84 
K2O 0.00 0.00 0.11 0.14 0.00 0.08 0.10 
Total 99.46 101.45 99.80 100.42 100.45 100.37 100.17 
Ab 41.93 50.96 33.68 38.04 39.12 40.69 48.25 
An 58.07 49.04 65.69 61.16 60.88 58.88 51.21 
Or 0.00 0.00 0.64 0.79 0.00 0.43 0.54 
 
Sample No. FGL6 – granodiorite  - Bt+Amp+Grt 
 Plagioclase 
 Matrix Matrix core  core  rim core rim 
SiO2 46.87 46.72 59.85 60.04 58.88 
Al2O3 34.67 34.49 26.38 25.43 25.21 
FeOTot bdl bdl bdl bdl bdl 
CaO 18.55 18.75 8.38 7.55 7.65 
Na2O 1.28 1.28 7.08 7.49 7.04 
K2O 0.00 0.00 0.00 0.00 0.00 
Total 101.37 101.24 101.69 100.51 98.79 
Ab 11.06 10.97 60.47 64.24 62.49 
An 88.94 89.03 39.53 35.76 37.51 
Or 0.00 0.00 0.00 0.00 0.00 
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Continuation Table OSM6:  
Sample No. FGL7 - granodiorite - Bt+Amp 
 Plagioclase 1 Plagioclase 2 Plagioclase 3 Plagioclase 4 
 Matrix Matrix Matrix Matrix Core Rim Core Rim Core Rim Core Rim 
SiO2 55.43 57.39 55.78 57.24 59.53 59.12 47.12 60.39 
Al2O3 27.61 27.42 27.96 27.02 26.27 26.19 34.25 25.37 
FeOTot bdl bdl bdl bdl bdl bdl bdl bdl 
CaO 10.25 9.55 10.71 9.62 8.17 8.23 17.95 7.45 
Na2O 5.86 6.45 5.76 6.35 7.25 7.13 1.60 7.73 
K2O 0.16 0.16 0.13 0.21 0.36 0.17 0.00 0.13 
Total 99.31 100.98 100.34 100.44 101.58 100.84 100.91 101.06 
Ab 50.41 54.52 48.97 53.79 60.42 60.47 13.86 64.79 
An 48.71 44.60 50.30 45.02 37.61 38.58 86.14 34.50 
Or 0.88 0.89 0.73 1.19 1.97 0.94 0.00 0.71 
 
Sample No. FGL12 – granodiorite  -  Bt+Amp+Grt 
 Plagioclase 
 Matrix core rim 
SiO2 56.68 56.68 
Al2O3 26.58 26.20 
FeOTot bdl bdl 
CaO 9.31 9.11 
Na2O 6.47 6.43 
K2O 0.07 0.11 
Total 99.11 98.53 
Ab 55.47 55.75 
An 44.11 43.64 
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Continuation Table OSM6:  
 
Sample No. FGL14 - granodiorite - Bt 
 Plagioclase 1 Plagioclase 2 Plagioclase 3 
 Matrix Matrix Matrix Core Core Rim Core Rim 
SiO2 59.31 59.58 59.29 57.43 57.51 
Al2O3 26.26 25.41 26.30 27.31 26.57 
FeOTot bdl bdl bdl bdl bdl 
CaO 8.35 7.69 8.04 9.59 9.07 
Na2O 7.19 6.99 7.24 6.45 6.45 
K2O 0.23 0.18 0.18 0.00 0.16 
Total 101.33 99.86 101.24 100.77 99.76 
Ab 60.16 61.57 61.33 54.90 55.78 
An 38.59 37.41 37.65 45.10 43.33 
Or 1.25 1.02 1.01 0.00 0.89 
 
Sample No. FGL15  – granodiorite – Bt+Grt 
 Plagioclase Plagioclase 
 Matrix Matrix Inclusion in garnet 1 Inclusion in garnet 2 Core Rim Core Rim Core Rim Core Rim 
SiO2 48.00 56.24 47.00 58.09 57.67 57.88 60.36 60.76 
Al2O3 33.76 26.72 33.49 26.32 26.35 26.18 24.02 23.82 
FeOTot bdl bdl bdl bdl 0.15 bdl 0.23 0.21 
CaO 16.81 9.31 16.93 8.50 8.62 8.40 5.79 5.77 
Na2O 1.85 6.17 1.74 6.90 6.61 6.56 8.23 8.39 
K2O 0.00 0.07 0.00 0.10 0.18 0.20 0.24 0.21 
Total 100.43 98.51 99.16 99.91 99.59 99.22 98.88 99.16 
Ab 16.62 54.31 1.66 59.16 57.49 57.88 70.99 71.62 
An 83.38 45.28 84.34 40.28 41.45 40.95 27.62 27.20 
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Continuation Table OSM6:  
 
Sample No. FGL16 - enclave 
 Plagioclase Plagioclase 
 Matrix Matrix Inclusion in garnet 1 core  rim core  rim core  rim core  rim core  rim 
SiO2 47.72 56.90 58.25 58.46 58.08 58.67 58.44 58.71 57.66 57.85 
Al2O3 32.48 27.28 26.71 26.65 27.63 26.33 26.59 26.45 26.66 26.20 
FeOTot bdl bdl bdl bdl 0.19 0.13 bdl bdl bdl bdl 
CaO 17.01 9.80 8.99 8.68 9.94 8.73 8.95 8.98 9.05 8.73 
Na2O 1.57 6.00 6.50 6.74 4.98 6.71 6.65 6.73 6.45 6.49 
K2O 0.00 0.00 0.09 0.12 0.12 0.13 0.14 0.15 0.16 0.13 
Total 98.90 99.97 100.53 100.64 100.93 100.71 100.77 101.02 99.98 99.40 
Ab 14.25 52.21 56.36 58.03 47.17 57.75 56.90 57.11 55.80 56.91 
An 85.09 47.10 43.10 41.30 52.09 41.54 42.30 42.08 43.27 42.31 
Or 0.66 0.69 0.54 0.67 0.75 0.71 0.80 0.81 0.93 0.78 
Sample No. FGL22  – granodiorite – Bt+Grt 
 Plagioclase Plagioclase K-feldspato 
 Matrix Matrix Matrix Inclusion in garnet 
Core Rim Core Rim Core core rim Rim Core Rim 
SiO2 58.82 58.62 53.08 60.22 56.96 56.54 58.11 64.33 64.00 64.45 
Al2O3 26.14 26.13 29.76 25.13 27.45 26.79 26.05 17.73 17.96 18.09 
FeOTot bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
CaO 8.26 8.26 12.92 7.60 9.91 9.72 8.55 0.00 0.14 0.00 
Na2O 7.02 7.21 4.71 7.57 6.35 6.26 6.79 0.72 0.58 0.89 
K2O 0.13 0.11 0.09 0.17 0.11 0.14 0.10 15.58 15.81 15.29 
Total 100.40 100.33 100.57 100.73 100.86 99.45 99.60 98.61 98.77 99.11 
Ab 60.17 60.90 39.56 63.72 53.37 53.39 58.63 6.59 5.24 8.12 
An 39.11 38.51 59.93 35.34 46.01 45.80 40.81 0.00 0.71 0.00 
Or 0.72 0.59 0.52 0.94 0.62 0.81 0.57 93.41 94.05 91.88 
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Table OSM7: Whole rock major and trace element analyses. (1) Major elements are reported in (wt.%); (2) Loss of ignition; (3) Al/(2*Ca+Na+K); (4) 
Mg/(Mg+Fe2+); (5) Trace elements are reported in (ppm) (part per million); (6) EuN/[(SmN)(GdN)]1/2; (7) Mafic Microgranular Enclaves 
Sample FSV1 FSV3 FSV5 FGL6 FGL7 FSV9 FSV10 FGL12 FGL14 

















Rock Type Tonalite Tonalite Granodiorite Granodiorite Granodiorite MME (7) Granodiorite Granodiorite Granodiorite 
Mineral assemblage Bt+Grt Bt+Grt Bt+Grt Bt+Amp+Grt Bt+Amph   Bt+Amp+Grt Bt+Amp+Grt Bt 
SiO2  (1) 62.98 63.31 71.42 65.54 63.58 53.80 62.21 63.49 68.08 
TiO2 0.85 0.89 0.31 0.65 0.74 1.07 0.91 0.73 0.50 
Al2O3 16.43 16.73 14.68 15.80 16.15 17.89 16.67 16.24 15.28 
Fe2O3Tot 6.94 6.51 2.73 5.49 6.15 9.80 6.49 5.94 4.42 
MnO 0.17 0.08 0.04 0.10 0.10 0.19 0.10 0.11 0.09 
MgO 2.05 1.85 0.51 1.83 2.27 4.25 2.30 2.20 1.46 
CaO 4.64 5.06 2.82 4.38 5.16 8.57 6.09 5.11 3.52 
Na2O 2.58 2.32 2.89 2.92 2.69 2.32 2.52 2.84 2.80 
K2O 2.47 2.45 3.87 2.68 2.42 1.48 1.76 2.58 3.23 
P2O5 0.18 0.25 0.11 0.16 0.17 0.17 0.21 0.16 0.14 
L.O.I (2) 0.72 0.54 0.62 0.43 0.55 0.46 0.45 0.60 0.48 
A/CNK (3) 1.07 1.07 1.04 1.01 0.98 0.85 0.99 0.97 1.05 
FeOTot + MgO 8.29 7.71 2.96 6.78 5.54 13.07 8.14 7.54 5.44 
Mg# (4) 0.37 0.36 0.27 0.40 0.42 0.46 0.41 0.42 0.40 
Sc (5) 25.0 22.4 11.2 19.1 22.3 33.9 19.2 22.3 18.1 
V 80.1 69.4 25.2 87.9 105.0 189.0 113.9 95.0 80.4 
Cr 21.7 19.3 11.4 22.8 34.8 41.2 25.4 36 24.1 
Co 49.4 40.8 55.5 44.3 51.2 49.9 53.9 41.8 51.9 
Ni 14.9 15.5 7.94 14.9 17.9 15.2 13.2 14.1 10.7 
Cu 45.0 107.0 6.1 19.3 19.2 22.9 61.8 15.4 16.0 
Zn 99.5 109 73.9 79.3 83.1 121 90.2 85 71.5 
Rb 111 116 106 125 93.3 48.4 70.2 97.2 120 
Sr 211 252 164 176 195 305 312 206 209 
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Continuation Table OSM7: 
Y 46.2 21.9 13.1 22.1 23.3 42.6 14.5 26 40.7 
Zr 162 247 175 162 168 158 179 162 128 
Nb 12.9 11.8 9.08 11.7 10.5 11 9.13 11 9.33 
Mo 0.47 0.49 0.65 0.51 0.68 1.61 0.61 0.65 0.49 
Cs 4.37 5.2 3.82 7.91 5.91 1.2 2.27 4.39 8.85 
Ba 417 588 568 277 403 358 455 465 463 
La 74.8 38.7 27.9 39.5 22.2 18 32.2 29.6 32.4 
Ce 147 77.5 63 79.8 46.9 52.3 61.8 60.1 65.3 
Pr 15.6 8.94 6.51 8.75 5.53 8.41 7.32 6.77 8.02 
Nd 56.0 33.7 24.3 31.7 23.1 38.2 27.8 26.3 31.5 
Sm 8.23 6.67 4.28 5.56 5.13 9.32 4.99 5.6 6.67 
Eu 1.11 1.44 1.03 1.12 1.18 1.73 1.33 1.2 1.24 
Gd 5.83 5.3 3.89 5.01 4.41 8.03 3.77 4.95 6.83 
Tb 0.92 0.76 0.5 0.71 0.71 1.31 0.52 0.78 1.09 
Dy 7.27 4.38 2.79 4.53 4.54 7.68 2.88 4.84 6.49 
Ho 1.83 0.82 0.52 0.85 0.86 1.68 0.52 0.9 1.36 
Er 6.82 2.33 1.42 2.25 2.63 4.75 1.37 2.77 4.24 
Tm 1.30 0.32 0.19 0.30 0.36 0.68 0.17 0.40 0.58 
Yb 8.66 2 1.48 2.18 2.48 4.87 1.11 2.64 3.98 
Lu 1.42 0.31 0.22 0.33 0.37 0.68 0.14 0.38 0.6 
Hf 4.63 6.91 4.26 4.49 4.78 4.29 4.98 4.74 4.15 
Ta 1.28 0.85 1.16 1.44 1.32 1.58 0.94 1.05 1.45 
Pb 9.31 8.61 28.3 17.7 14.2 12.5 8.39 15.6 24.5 
Th 21.0 9.2 9.1 13.9 6.4 0.8 5.1 10.1 11.2 
U 0.98 1.08 1.62 3.96 1 0.34 0.49 1.22 1.91 
ΣREE 27.3 10.2 6.6 10.4 11.2 20.3 6.2 11.9 17.3 
La/Yb 8.64 19.36 18.85 18.16 8.98 3.70 29.02 11.24 8.14 
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Continuation Table OSM7: 
Sample FGL15 FGL16 FGL17 FGL18 FGL19 FGL20 FGL22 













Rock Type Granodiorite MME MME MME Granodiorite Granodiorite Granodiorite 
Mineral assemblage Bt+Grt       Bt+Grt Bt+Grt Bt+Grt 
SiO2  (1) 67.94 64.48 63.53 63.54 72.04 67.67 70.62 
TiO2 0.58 0.80 0.90 0.83 0.31 0.44 0.39 
Al2O3 15.29 15.43 15.76 15.72 14.51 16.40 15.00 
Fe2O3Tot 4.73 6.88 7.34 7.28 2.95 3.93 3.44 
MnO 0.07 0.11 0.10 0.11 0.05 0.07 0.04 
MgO 1.29 2.12 2.15 2.19 0.59 1.07 0.71 
CaO 4.08 4.92 4.25 4.69 3.28 4.21 3.78 
Na2O 2.70 2.32 2.48 2.43 2.94 2.87 3.01 
K2O 2.74 2.33 2.77 2.57 2.88 2.83 2.56 
P2O5 0.15 0.15 0.19 0.16 0.08 0.13 0.09 
L.O.I (2) 0.44 0.44 0.53 0.48 0.35 0.37 0.35 
A/CNK (3) 1.03 1.01 1.07 1.03 1.04 1.06 1.03 
FeOTot + MgO 5.54 8.32 8.75 8.74 3.25 4.61 3.80 
Mg# (4) 0.35 0.38 0.37 0.37 0.29 0.35 0.29 
Sc (5) 18.4 25.4 23.8 26.7 13.6 15.5 15.7 
V 71.4 117.0 121.0 118.0 35.6 54.8 40.5 
Cr 26 19.5 19.9 18.3 12.7 15.7 18.4 
Co 51.7 44.9 43.7 50.1 62.5 46.4 58.2 
Ni 14.8 12.4 14.8 12.3 8.75 16.1 9.95 
Cu 20.8 20.2 11.7 9.3 11.6 20.1 22.4 
Zn 74.8 97 112 103 64.4 55.9 59.8 
Rb 95.8 118 138 123 80.8 97.8 78 
Sr 202 168 150 148 157 184 185 
Y 20.9 28.5 21.5 32.7 17.6 25.2 18 
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Continuation Table OSM7: 
Zr 189 160 144 159 173 143 176 
Nb 12.1 11.3 12.7 11.4 9.82 10.1 11.7 
Mo 0.9 1.05 0.7 0.71 0.72 1.07 0.8 
Cs 2.68 4.86 5.9 4.87 3.31 6.85 2.49 
Ba 660 204 229 207 744 516 759 
La 44.2 25.4 23.4 23.6 40.5 31.5 50.3 
Ce 88.6 50.9 48.8 50.8 91.8 64.7 104 
Pr 10.2 5.76 5.66 6.25 9.87 7.42 11.1 
Nd 37.0 23.3 22.6 25.2 34.3 27.3 40.8 
Sm 6.94 5.05 4.98 5.87 6.46 5.3 7.16 
Eu 1.48 1.18 1.2 1.33 1.27 1.47 1.28 
Gd 5.76 4.47 4.87 5.96 4.87 4.61 6.07 
Tb 0.77 0.77 0.69 0.91 0.67 0.7 0.73 
Dy 4.21 5.05 4.27 5.71 3.47 4.45 4.39 
Ho 0.86 1.01 0.89 1.24 0.63 0.9 0.7 
Er 2.11 3.06 2.32 3.53 1.68 3.19 1.82 
Tm 0.29 0.43 0.32 0.52 0.27 0.40 0.25 
Yb 1.95 3.06 2.13 3.5 1.58 2.77 1.46 
Lu 0.28 0.47 0.29 0.53 0.26 0.41 0.29 
Hf 5 4.34 4.02 4.45 5.28 4.05 4.48 
Ta 1.4 1.01 1.05 1.04 1.08 1.32 1.16 
Pb 14.4 9.98 11 9.07 18.1 17 14.5 
Th 11.6 7.5 7.7 6.5 9.9 10.0 12.0 
U 1.44 1.88 1.34 1.55 1.68 2.21 1.39 
ΣREE 9.7 13.1 10.2 15.0 7.9 12.1 8.9 
La/Yb 22.71 8.31 11.00 6.74 25.61 11.39 34.42 
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APPENDIX B 
Supplementary material of the manuscript presented in the chapter 5 
 
SM1: LA-SC-ICP-MS U-Th-Pb dating 
LA-ICP-MS U-Pb dates and Lu-Hf isotopes analytical procedures and instrumental settings 
have been already and carefully described in Farina et al., (2015) and Albert et al., (2016).These are 
resumed here and in the following supplementary table 1 
Supplementary Table 1 
Data acquisition and instrumental settings for the U-Pb-Th and Lu-Hf isotope analyses 
 U-Pb-Th session Lu-Hf session 
Instrument Element 2 Thermo-Finnigan Neptune +  
Scan mode E-Scan Static 
Scanned masses 202, 204, 206, 207, 208, 232, 238 172, 173, 175, 176, 177, 178, 179, 180, 300 
Mass resolution 300 300 
Dwell time 4 (202), 4 (204), 14 (206), 20 (207), 10 
(232), 14 (238) ms 
0.52s 
 
Integration time 0.9s 1s 
Background 19s - 
Ablation time 30s 36s 
Carrier gas 0.5 L/min He (+ 1.0 L/min Ar) 1.3 L/min He (+1.0 L/min Ar,  0.015 L/min N) 
Laser CETAC LSX-213 G2+ Photon machines 193 
Spot size 20 μm 40 μm 
Laser settings 10 Hz, 3.5 J/cm2 5 Hz, 3 J/cm2 
Cell volume Low (teardrop) Low (two volume cell) 
 
Sample preparation was already reported in the text. U, Th and Pb isotopes have been 
analysed by means ThermoScientific Element sector field ICP-MS coupled to a CETAC LSX-213 
G2+ laser system (Frei & Gerders, 2009; Gerdes & Zeh, 2006, 2009) and). Zircons grains mounted 
in epoxy disc, polished and imaged under cathadoliuminescence (CL) were imaged at the 
Universidade Federal de Ouro Preto (UFOP) (Brazil). Imaging was performed by Scanning 
Electron Microscopy (SEM) using JEOL 6510 equipped with Centaurus CL detector. U-Pb dating 
was conducted at the UFOP during one session in July 2015 via thermo-Scientific Element 2 Sector 
Field (SF) ICP-MS coupled to a CETAC LSX-213 G2 + (λ = 213 nm) Nd:YAG laser. Data 
reduction was performed using GLITTER® software package (Van Achterbergh et al., 2001). 
During the analytical session a normalization with reference zircon GJ-1 (Jackson et al., 2004) was 
applied in order to correct laser-induced fractionation and instrumental mass discrimination. 
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206Pb/238U uncertainties (2σ) were propagated by quadratic addition of the external reproducibility 
(2SD) obtained from the standard zircon GJ-1 during the analytical session and the within-run 
precision of each analysis (standard error). The validity of the applied method and age 
reproducibility of the obtained age data was tested doing multiple analyses on Plešovice (Sláma et 
al., 2007) and in-house BB reference material (Santos et al., 2017). Plešovice and BB secondary 
standards gave concordia ages of 338 ± 2 Ma (2S; n = 13, MSWD Conc. + Equiv. 0.27) and 562 ± 1 
Ma (2S; n = 45, MSWD Conc. + Equiv. 0.084) respectively which are consistent, within 
uncertainty, with the ID-TIMS values published for Plešovice [337.3 ± 0.4 Ma (2S); Sláma et al., 
2007] and BB [563 ± 0.3 Ma (2S); Santos et al., 2017]. Background signal, common Pb, laser-
induced elemental fractionation, instrumental mass discrimination and U-Pb time dependent 
fractionation were corrected on the raw data using Glitter software (Van Achterbergh et al., 2001). 
During ablation session attention was paid in monitoring the time-resolved signal in order to 
exclude grains domains such as epoxy resin, mineral inclusions, fractures and other zone that could 
cause distinct Pb/U ratios and being affected by Pb-loss. From almost 90 % of the analyses, no 
common Pb correction was applied since the 204Pb signal was below the detection limit (20 counts 
per limit). Instead, for the other 10 % this correction was applied (Stacy and Kramers, 1975). LA-
ICP-MS All reported uncertainties of unknowns and standards (ratios and ages) are at the 2 sigma 
level (Horstwood et al., 2016).  Concordia ellipses were generated using the Isoplot/Ex4 program 
(Ludwig, 2003). U-Pb dating results of the samples and secondary standards are presented in 
supplementary Table 2, 3, respectively. 
SM2: LA-MC-ICP-MS Lu-Hf Isotope Analyses 
During the same U-Pb analytical session, Lu-Hf isotope analyses were also performed by 
means LA-ICP-MS according to the methods already published (Gerdes & Zeh, 2006, 2009). Lu-Hf 
isotopic data were acquired during the same dating session at the UFOP using a multi-collector 
(MC)-ICP-MS Thermo-Scientific Neptune Plus system coupled to a Photon Machines composition 
193 (λ = 193 nm) ArF Excimer laser ablation system. The laser spot was kept constant at 40 μm. 
The ablation was done onto the same U-Pb pits or otherwise, when not possible, in similar domains 
individuated carefully before by CL imaging. In order to inhibit oxide formation in the plasma and 
enhancing the signal sensitivity, nitrogen was introduced into the Ar samples carrier gas via Aridus 
nebulisation system. Similar to the U-Pb analyses, the integration window was processed offline in 
order to verify the homogeneity of the ablated zircon ablated. During each analysis 172Yb, 173Yb and 
175Lu were measured. This allowed to correct for the isobaric interferences of Lu and Yb isotopes 
on mas 176.JWG in-house values of 0.02655 for 176Lu/175Lu ratio and 0.795051 for the 176Yb/173Yb 
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ratio were used in order to calculate 176Lu and 176Yb. An exponential law and 172Yb/173Yb ratio of 
1.35351 (mean of Segal et al., 2003; Chu et al., 2002) and 179Hf/177Hf ratios of 0.7325 (Patchett et 
al., 1981) were used to correct instrumental biases. Yb (βYb) isotope has a mass bias that usually 
differs from that of the Hafnium (βHf) showing an offset of βHf/βYb. Thus for each analytical session, 
this offset was calculated by averaging the βHf/βYb of multiple analyses of the Temora reference 
material. Regarding the behaviour of Lu mass bias, this was assumed being similar to that of Yb. 
The βHf/βYb offset factor for Yb-rich zircons was determined from the mean βYb of each analysis 
while for the Yb-poor grains the correction was done taking the βHf of each integration step divided 
by the average βHf/βYb offset factor of the whole analytical session. Thus it results that that any 
under- or over-correction for Yb and Lu interference on mass 176 gives an apparent correlation of 
the 176Hf/177Hf and 176Yb/177Yb ratios. The data reported in this study have been controlled plotting 
76Hf/177Hf against 176Yb/177Yb and it is clear that irrelevant interference by Yb. This testifies that the 
data are reliable (Fig. SM2-1). Uncertainties are quadratic additions of the within-run precision and 
the reproducibility of the reference zircons, Plešovice (Sláma et al., 2008), Temora (Wu et al., 
2006), 91500 (Blichert-Toft, 2008), Mud Tank (Woodhead & Hergt, 2005). Four reference 
materials were analysed before and during runs: Temora (176Hf/177Hf = 0.282673 ± 39 (2SD), n = 
48), Plešovice (176Hf/177Hf = 0.282494 ± 23 (2SD), n = 19), Mud Tank (176Hf/177Hf = 0.282520 ± 21 
(2SD), n = 67). The values are in agreement within error with the recommended values for, Temora 
[176Hf/177Hf = 0.282680 ± 31 (2σ); Wu et al., 2006], Plešovice [176Hf/177Hf = 0.282482 ± 13 (2σ); 
Sláma et al., 2008], Mud Tank  [176Hf/177Hf = 0.282504 ± 44 (2σ); Woodhead & Hergt, 2005]. 































Fig. SM2-1. 176Yb/177Hf versus 176Hf/177Hf plot for the analysed Galiléia zircons 
Fig. SM2-2. 176Yb/177Hf versus 176Hf/177Hf plot for the analysed standard zircons 
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Epsilon Hf (εHf) and Hf model ages were calculated using Chondritic Uniform Reservoir 
(CHUR) 176Lu/177Hf and 176Hf/177Hf values of 0.0336 and 0.282785 respectively (Bouvier et al., 
2008), “maximum” Depleted Mantle (DM) values of 176Lu/177Hf = 0.03933 and 176Hf/177Hf = 
0.283294 (Blichert-Toft & Puchtel, 2010), a 176Lu decay constant of λ = 1.867 X 10-11 a-1 
(Söderlund et al., 2004) and a crustal source composition with a 176Lu/177Hf ratio of 0.0113 [mean 
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Fig. SM3-1. Example of mount set up for zircons 
analysed by high-precision dating 
























Fig. SM3-2. Concordia diagrams of the standards measured by high-precision multi collector 
dating. In red are reported the accepted ID-TIMS ages from: 1) Lana et al. (2017); 2) Santos et al.
(2017); 3) Black et al. (2003); Sláma et al. (2008).  














Fig. SM3-3. Zircon images, concordia diagramas and weighted mean plots of LA-SF-ICP-MS dating. ∆th is the 
difference between the oldest and youngest magmatic dates for each hand sample. Ellispses and error bars are 
2s. 
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SM4: NO Pb-LOSS IN THE GALILÉIA ZIRCONS 
In literature, cases reporting evidences such as those studied here are rare (Ashwal et al., 
1999; Wang et al., 2011). A good case is however reported for a single hand sample from a 
Neoproterozoic meta-leuconorite (Ashwal et al., 1999) where ca. 30 dated zircons gave 100 Myrs 
of date dispersion (i.e. from 630 to 540 Ma). Mostly of these grains had fractures and after air-
abrasion ID-TIMS dating, zircons showed a grain-size decrease as the relative date decreased. In 
this case, fractures and consequent Pb-loss and date reset were caused by long-lasting granulite 
facies metamorphism that the terrain was experiencing at the time of leuconorite intrusion (i.e. syn-
magmatic deformation) (Ashwal et al., 1999).  
By contrast CL images have shown that Galiléia zircons are fracture-free, devoid of 
metamorphic overgrowths, in agreement with the weakly deformed character of the rocks, and 
metameric textures. Furthermore the high-precision date-pits were done in the magmatic domains 
and resorbed cores which have clear crystalline character.  
Al, Ca, Fe, and Ba are non-stoichiometric elements which enter in the zircon crystalline 
structure once the grain undergoes re-equilibration due to interaction with aqueous fluids or melts 
(Davies et al., 2015; Geisler et al., 2007). This causes loss of Pb and the positive relationship 
between Ca and Ba and the α dose (the amount of radiation damage that zircon undergoes over time 
due to U and Th decay to different Pb isotopes; Davies et al., 2015) indicates if zircon might have 
lost Pb or not  (Davies et al., 2015).  
The α dose has been calculated as it follows (Davies et al., 2015):  
𝐷𝛼 = 8 ×  ௖௎ × ே஺ ×଴.ଽଽଶ଼
ெమయఴ × ଵ଴ల
 × ൫𝑒ఒଶଷ଼௧ − 1൯ + 7 ×  ௖௎ × ே஺ ×଴.଴଴଻ଶ
ெమయఱ × ଵ଴ల
 × ൫𝑒ఒଶଷହ௧ − 1൯ + 6 ×
  ௖்௛ × ே஺ 
ெమయమ × ଵ଴ల
 × ൫𝑒ఒଶଷଶ௧ − 1൯.  
Dα is in units of α-decays/g. cU and cTh are the U and Th concentrations in ppm, NA is the 
Avogadro’s number, M238, M235 and M232 are the atomic weights, λ238, λ235 and λ232 are the decay 
constants of each isotope and t is the measured zircon date.  
Al and Fe were not analysed but Ca (and Ba) are enriched in the Galiléia zircons (Fig. SM4-
1). Based on trace element contents and α dose, some data were excluded (Fig. 6). Nevertheless, it 
is possible to see that, despite some outsiders having high α dose (> 6 x 1018 α/g) regardless their 
high Ca and vice versa (Fig. SM4-1), this element once plotted against the relative zircon 206Pb/238U 
dates (Fig. B4-1), shows that the grains having high and below detection limit Ca content show the 
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same date dispersion irrespective of the calcium content. The same is seen for Ba. This argues 
against Pb-loss. 
Pb-loss affects the U-Pb system whereas the Lu-Hf one remains closed. However, if zircons 
lost Pb, by plotting the measured zircon 176Hf/177Hf at present time (t = 0) against the relative date 
this would create a linear array according to the zircon date variation (e.g. Vervoort & Kemp,  
2016). In Fig. 8c, Temora and Mud Tunk standards employed in our Lu-Hf analyses were used to 
simulate this Pb-loss-derived effect. Their 176Hf/177Hft=0 was plotted against the same age variability 
(640 to 550 Ma) found in our study and compared the result with ours. By comparing Figs. 8b and c 
we do not envisage such linear trend for the Galiléia zircons.  
In a fair way, we must report that few samples might appear to have lost Pb. For instance, 
accepting for the moment that these few samples have zircons that lost Pb, a question would be: 
why Hf isotopes should record Pb-loss only in these two samples whereas not in the others, despite 
all of them show the same date dispersion? For absurd, this would mean that i) Pb-loss was 
localized only in few parts of the Galiléia Batholith and ii) the dates related to Pb-loss reproduce the 
same date dispersion showed by the no-Pb-loss-related zircons. In our opinion this is quite unlikely 













Fig. SM4-1. Zircon Ca content vs. a) alpha dose and b) 206Pb/208U high-precision date. In both 
images inset report the area indicated with the black dotted area. 
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Table 1. LA-SF-ICP-MS U-Pb Galiléia zircon dates; (a) Data corrected for common Pb; (b) Concordance calculated as 
(206Pb/238U/207Pb/206Pb)*100; (c) Error correlation defined as the quotient of the propagated errors of the 206Pb/238U and the 207Pb/235U ratio 
Sample Spot position 
U Th/U 204 Corrected Ratios a 204 corrected ages 
ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
FGL19 centre 479 0.31 0.0596 1.125 0.0917 1.635 0.7532 1.985 0.824 587 24 566 9 570 9 99 
FGL19 centre 687 0.20 0.0597 1.139 0.0919 1.633 0.7561 1.991 0.820 592 25 567 9 572 9 99 
FGL19 centre 517 0.25 0.0593 1.158 0.0935 1.643 0.7642 2.010 0.817 577 25 576 9 576 9 100 
FGL19 edge 537 0.15 0.0592 2.003 0.0943 1.851 0.7701 2.727 0.679 575 44 581 10 580 12 100 
FGL19 centre 232 0.30 0.0594 1.263 0.0947 1.668 0.7752 2.093 0.797 580 27 583 9 583 9 100 
FGL19 centre 303 0.20 0.0600 1.266 0.0948 1.730 0.7848 2.144 0.807 605 27 584 10 588 10 99 
FGL19 centre 675 0.21 0.0594 1.207 0.0949 1.654 0.7775 2.048 0.808 582 26 585 9 584 9 100 
FGL19 edge 1177 0.14 0.0598 1.088 0.0950 1.579 0.7831 1.917 0.824 595 24 585 9 587 9 100 
FGL19 centre 322 0.41 0.0599 1.169 0.0951 1.641 0.7850 2.015 0.814 599 25 586 9 588 9 100 
FGL19 centre 290 0.36 0.0593 1.754 0.0952 1.770 0.7788 2.491 0.710 579 38 586 10 585 11 100 
FGL19 centre 288 0.40 0.0595 1.177 0.0953 1.637 0.7815 2.016 0.812 585 26 587 9 586 9 100 
FGL19 centre 382 0.21 0.0596 1.124 0.0958 1.650 0.7869 1.996 0.826 589 24 590 9 589 9 100 
FGL19 edge 262 0.33 0.0596 1.259 0.0958 1.733 0.7868 2.142 0.809 588 27 590 10 589 10 100 
FGL19 centre 127 0.35 0.0597 1.308 0.0960 1.688 0.7891 2.136 0.791 591 28 591 10 591 10 100 
FGL19 edge 196 0.31 0.0596 1.207 0.0962 1.664 0.7908 2.056 0.809 590 26 592 9 592 9 100 
FGL19 centre 212 0.27 0.0599 3.560 0.0963 2.634 0.7955 4.428 0.595 600 77 593 15 594 20 100 
FGL19 centre 169 0.35 0.0606 3.586 0.0967 2.716 0.8076 4.498 0.604 625 77 595 15 601 21 99 
FGL19 centre 162 0.33 0.0599 1.270 0.0973 1.685 0.8030 2.110 0.799 598 28 599 10 599 10 100 
FGL19 centre 433 0.21 0.0598 1.304 0.0973 1.644 0.8026 2.098 0.784 597 28 599 9 598 10 100 
FGL19 centre 169 0.35 0.0606 3.586 0.0967 2.716 0.8076 4.498 0.604 625 77 605 15 601 21 99 
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Continuation Table 1 
Sample Spot position 
U Th/U 204 Corrected Ratios a 204 corrected ages 
ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
FGL22 centre 827 0.12 0.0600 1.066 0.0936 1.667 0.7746 1.979 0.842 605 23 577 9 582 9 99 
FGL22 edge 495 0.29 0.0593 1.247 0.0940 1.638 0.7692 2.059 0.795 579 27 579 9 579 9 100 
FGL22 centre 255 0.22 0.0598 1.254 0.0943 1.824 0.7779 2.213 0.824 597 27 581 10 584 10 99 
FGL22 edege 192 0.43 0.0596 1.191 0.0953 1.722 0.7828 2.094 0.822 589 26 587 10 587 9 100 
FGL22 centre 296 0.27 0.0596 1.124 0.0956 1.695 0.7853 2.034 0.833 589 24 588 10 588 9 100 
FGL22 centre 380 0.30 0.0597 1.814 0.0969 1.925 0.7972 2.645 0.728 592 39 596 11 595 12 100 
FGL22 edge 227 0.23 0.0598 1.343 0.0971 1.669 0.8001 2.142 0.779 595 29 598 10 597 10 100 
FGL22 centre 160 0.27 0.0605 3.521 0.0972 2.687 0.8104 4.429 0.607 620 76 598 15 603 20 99 
FGL22 centre 241 0.55 0.0602 1.380 0.0987 1.905 0.8185 2.352 0.810 609 30 607 11 607 11 100 
FGL22 centre 121 0.29 0.0604 3.547 0.0989 2.681 0.8238 4.446 0.603 619 77 608 16 610 21 100 
FGL22 centre 85 0.40 0.0612 1.634 0.1019 1.826 0.8594 2.451 0.745 646 35 625 11 630 12 99 
FGL22 resorbed 198 0.35 0.0611 1.146 0.1043 1.706 0.8784 2.055 0.830 641 25 640 10 640 10 100 
49 20 
FGL26 centre 175 0.36 0.0588 1.259 0.0913 1.753 0.7397 2.158 0.812 559 27 563 9 562 9 100 
FGL26 centre 485 0.23 0.0590 1.204 0.0921 1.460 0.7492 1.892 0.772 566 26 568 8 568 8 100 
FGL26 centre 125 0.71 0.0586 1.212 0.0934 1.628 0.7546 2.029 0.802 552 26 576 9 571 9 101 
FGL26 resorbed 79 0.39 0.0593 1.871 0.0949 1.854 0.7766 2.634 0.704 580 41 585 10 584 12 100 
FGL26 edge 162 0.21 0.0599 1.320 0.0952 1.533 0.7859 2.023 0.758 599 29 586 9 589 9 100 
FGL26 centre 541 0.27 0.0595 1.091 0.0953 1.579 0.7821 1.919 0.823 587 24 587 9 587 9 100 
FGL26 centre 379 0.22 0.0596 1.107 0.0962 1.559 0.7908 1.912 0.815 589 24 592 9 592 9 100 
FGL26 centre 72 0.40 0.0588 6.809 0.0972 4.362 0.7877 8.086 0.539 558 148 598 25 590 37 101 
FGL26 centre 141 0.34 0.0612 2.420 0.0992 2.115 0.8366 3.214 0.658 646 52 610 12 617 15 99 
FGL26 centre 417 0.22 0.0603 1.486 0.1010 1.829 0.8394 2.356 0.776 614 32 620 11 619 11 100 
FGL26 centre 345 0.19 0.0604 1.238 0.1014 1.758 0.8449 2.150 0.818 619 27 623 10 622 10 100 
FGL26 centre 425 0.29 0.0607 1.136 0.1018 1.729 0.8524 2.069 0.836 630 24 625 10 626 10 100 
FGL26 resorbed 58 0.23 0.0635 2.504 0.1172 2.150 1.0259 3.301 0.651 725 53 714 15 717 17 100 
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Continuation Table 1 
Sample Spot position 
U Th/U 204 Corrected Ratios a 204 corrected ages 
ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
FGL40 centre 548 0.19 0.0585 1.077 0.0890 1.574 0.7178 1.907 0.825 549 24 549 8 549 8 100 
FGL40 centre 327 0.32 0.0587 1.124 0.0903 1.551 0.7307 1.915 0.810 556 25 557 8 557 8 100 
FGL40 mantle 999 0.43 0.0589 1.014 0.0904 1.508 0.7347 1.817 0.830 565 22 558 8 559 8 100 
FGL40 centre 738 0.26 0.0591 1.016 0.0907 1.499 0.7391 1.811 0.828 570 22 560 8 562 8 100 
FGL40 centre 152 0.34 0.0592 1.386 0.0930 1.678 0.7586 2.176 0.771 573 30 573 9 573 10 100 
FGL40 centre 260 0.36 0.0592 1.232 0.0935 1.562 0.7635 1.989 0.785 576 27 576 9 576 9 100 
FGL40 centre 477 0.56 0.0592 1.148 0.0937 1.537 0.7651 1.919 0.801 576 25 577 8 577 8 100 
FGL40 edge 131 0.48 0.0601 3.753 0.0940 2.849 0.7783 4.712 0.605 606 81 579 16 585 21 99 
FGL40 centre 430 0.18 0.0594 1.279 0.0942 1.635 0.7714 2.076 0.788 582 28 580 9 581 9 100 
FGL40 edge 153 0.46 0.0593 1.753 0.0942 1.975 0.7704 2.641 0.748 579 38 580 11 580 12 100 
FGL40 centre 446 0.18 0.0593 1.079 0.0943 1.528 0.7710 1.870 0.817 579 23 581 8 580 8 100 
FGL40 centre 340 0.45 0.0598 1.355 0.0943 1.548 0.7775 2.057 0.753 596 29 581 9 584 9 99 
FGL40 edge 460 0.42 0.0594 1.060 0.0945 1.524 0.7741 1.856 0.821 582 23 582 8 582 8 100 
FGL40 edge 131 0.65 0.0595 1.463 0.0946 1.670 0.7756 2.220 0.752 584 32 583 9 583 10 100 
FGL40 edge 287 0.25 0.0595 1.580 0.0947 1.648 0.7766 2.283 0.722 585 34 583 9 584 10 100 
FGL40 centre 82 0.36 0.0592 2.230 0.0952 1.940 0.7768 2.956 0.656 575 48 586 11 584 13 100 
FGL40 resorbed 185 0.67 0.0598 1.955 0.0952 1.848 0.7856 2.691 0.687 598 42 586 10 589 12 100 
FGL40 centre 625 0.36 0.0598 3.524 0.0955 2.593 0.7868 4.375 0.593 595 76 588 15 589 20 100 
FGL40 centre 271 0.59 0.0599 1.536 0.0975 1.806 0.8047 2.371 0.762 600 33 599 10 599 11 100 
FGL40 edge 102 0.23 0.0603 2.139 0.0989 1.961 0.8225 2.902 0.676 614 46 608 11 609 13 100 
FGL40 core 216 0.48 0.0602 1.362 0.0996 1.667 0.8268 2.152 0.774 611 29 612 10 612 10 100 
FGL6 centre 470 0.26 0.0592 3.596 0.0923 2.696 0.7533 4.495 0.600 575 78 569 15 570 20 100 
FGL6 edge 311 0.36 0.0583 1.169 0.0924 1.604 0.7429 1.985 0.808 543 26 569 9 564 9 101 
FGL6 centre 455 0.19 0.0597 1.172 0.0937 1.601 0.7712 1.985 0.807 593 25 577 9 580 9 99 
FGL6 centre 884 0.24 0.0600 1.151 0.0942 1.593 0.7785 1.965 0.811 602 25 580 9 585 9 99 
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Continuation Table 1 
Sample Spot position 
U Th/U 204 Corrected Ratios a 204 corrected ages 
ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
FGL6 centre 682 0.15 0.0607 1.137 0.0971 1.586 0.8121 1.952 0.813 628 25 597 9 604 9 99 
FGL6 centre 532 0.13 0.0597 1.105 0.0981 1.570 0.8073 1.920 0.818 593 24 603 9 601 9 100 
FGL6 centre 234 0.48 0.0594 1.196 0.0985 1.605 0.8058 2.001 0.802 580 26 605 9 600 9 101 
FGL6 centre 260 0.37 0.0600 1.217 0.0992 1.613 0.8205 2.020 0.798 603 26 610 9 608 9 100 
FGL6 centre 310 0.49 0.0595 1.216 0.0992 1.612 0.8140 2.019 0.798 585 26 610 9 605 9 101 
FGL6 centre 74 0.67 0.0594 4.034 0.1004 2.903 0.8223 4.970 0.584 582 88 617 17 609 23 101 
FGL6 centre 453 0.20 0.0596 1.209 0.1007 1.608 0.8270 2.012 0.799 587 26 619 9 612 9 101 
FGL6 centre 342 0.30 0.0596 3.572 0.1018 2.540 0.8367 4.383 0.580 589 77 625 15 617 20 101 
FGL6 centre 229 0.32 0.0608 1.317 0.1021 1.646 0.8551 2.108 0.781 630 28 627 10 627 10 100 
FGL6 resorbed 213 0.45 0.0601 1.181 0.1024 1.602 0.8491 1.990 0.805 609 26 628 10 624 9 101 
FGL6 resorbed 288 0.27 0.0606 1.166 0.1047 1.608 0.8743 1.986 0.810 624 25 642 10 638 9 101 
FSV1 centre 448 0.56 0.0592 1.318 0.0932 1.589 0.7602 2.064 0.770 574 29 574 9 574 9 100 
FSV1 centre 419 0.32 0.0593 1.113 0.0933 1.522 0.7627 1.886 0.807 578 24 575 8 576 8 100 
FSV1 edge 215 0.17 0.0593 1.299 0.0933 1.608 0.7623 2.067 0.778 577 28 575 9 575 9 100 
FSV1 centre 340 0.21 0.0592 1.166 0.0935 1.498 0.7626 1.898 0.789 574 25 576 8 576 8 100 
FSV1 edge 192 0.25 0.0589 2.297 0.0938 1.969 0.7617 3.026 0.651 563 50 578 11 575 13 101 
FSV1 centre 185 0.53 0.0592 1.979 0.0939 1.799 0.7657 2.674 0.673 573 43 578 10 577 12 100 
FSV1 centre 234 0.51 0.0592 1.249 0.0939 1.513 0.7668 1.962 0.771 576 27 578 8 578 9 100 
FSV1 edge 265 0.18 0.0594 1.314 0.0939 1.533 0.7690 2.019 0.759 581 29 579 8 579 9 100 
FSV1 centre 133 0.59 0.0595 3.610 0.0940 2.659 0.7707 4.484 0.593 584 78 579 15 580 20 100 
FSV1 centre 650 0.33 0.0593 1.450 0.0941 1.573 0.7696 2.139 0.735 579 32 580 9 580 9 100 
FSV1 centre 186 0.57 0.0594 1.230 0.0942 1.529 0.7706 1.962 0.779 580 27 580 8 580 9 100 
FSV1 centre 217 0.95 0.0592 1.819 0.0944 1.807 0.7700 2.564 0.705 574 40 581 10 580 11 100 
FSV1 edge 199 0.12 0.0592 1.861 0.0949 1.726 0.7748 2.538 0.680 575 40 584 10 582 11 100 
FSV1 centre 142 0.45 0.0598 3.704 0.0950 2.683 0.7829 4.574 0.587 596 80 585 15 587 21 100 
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Continuation Table 1 
Sample Spot position 
U Th/U 204 Corrected Ratios a 204 corrected ages 
ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
FSV1 centre 176 0.11 0.0595 1.278 0.0951 1.620 0.7797 2.063 0.785 585 28 585 9 585 9 100 
FSV1 centre 320 0.37 0.0591 2.492 0.0951 2.011 0.7747 3.202 0.628 571 54 585 11 582 14 101 
FSV1 centre 227 0.45 0.0596 1.309 0.0955 1.550 0.7847 2.029 0.764 589 28 588 9 588 9 100 
FSV1 edge 224 0.16 0.0604 1.192 0.0958 1.587 0.7975 1.985 0.799 617 26 590 9 595 9 99 
FSV1 centre 205 0.49 0.0599 2.536 0.0958 2.082 0.7907 3.281 0.634 599 55 590 12 592 15 100 
FSV1 edge 187 0.37 0.0591 3.606 0.0965 2.590 0.7869 4.440 0.583 572 78 594 15 589 20 101 
FSV1 centre 150 0.35 0.0595 2.048 0.0974 1.834 0.7990 2.749 0.667 586 44 599 10 596 12 100 
FSV1 centre 214 0.55 0.0598 1.755 0.0974 1.828 0.8035 2.534 0.721 598 38 599 10 599 12 100 
FSV1 centre 136 0.34 0.0598 1.672 0.0975 1.702 0.8042 2.386 0.713 596 36 600 10 599 11 100 
FSV1 centre 281 0.17 0.0601 1.360 0.0991 1.629 0.8217 2.122 0.768 608 29 609 9 609 10 100 
FSV1 centre 983 0.22 0.0602 1.063 0.0993 1.490 0.8242 1.831 0.814 610 23 610 9 610 8 100 
FSV1 centre 115 0.26 0.0604 1.905 0.0998 1.804 0.8302 2.624 0.688 617 41 613 11 614 12 100 
FSV10 centre 319 0.24 0.0595 1.339 0.0944 1.593 0.7744 2.081 0.765 585 29 582 9 582 9 100 
FSV10 centre 292 0.23 0.0603 1.245 0.0964 1.805 0.8010 2.192 0.823 613 27 593 10 597 10 99 
FSV10 centre 304 0.26 0.0601 1.198 0.0967 1.655 0.8011 2.043 0.810 608 26 595 9 597 9 100 
FSV10 centre 404 0.33 0.0595 1.143 0.0968 1.674 0.7936 2.027 0.826 585 25 595 10 593 9 100 
FSV10 centre 158 0.60 0.0606 1.503 0.0969 1.919 0.8093 2.437 0.787 624 32 596 11 602 11 99 
FSV10 centre 355 0.24 0.0596 3.046 0.0976 2.452 0.8018 3.910 0.627 588 66 600 14 598 18 100 
FSV10 centre 388 0.23 0.0600 1.346 0.0988 1.787 0.8181 2.237 0.799 605 29 608 10 607 10 100 
FSV10 centre 1375 0.22 0.0602 1.097 0.0994 1.671 0.8241 1.999 0.836 609 24 611 10 610 9 100 
FSV10 edge 2980 0.45 0.0602 1.180 0.0994 1.549 0.8245 1.948 0.795 609 26 611 9 611 9 100 
FSV10 edge 643 0.33 0.0607 3.535 0.1019 2.525 0.8533 4.345 0.581 629 76 626 15 626 21 100 
FSV10 centre 1029 0.11 0.0607 1.184 0.1027 1.815 0.8597 2.167 0.838 630 26 630 11 630 10 100 
FSV10 resorbed 744 0.49 0.0619 1.115 0.1061 1.678 0.9054 2.014 0.833 670 24 650 10 655 10 99 
FSV10 resorbed 2713 0.31 0.0615 1.116 0.1076 1.720 0.9122 2.050 0.839 657 24 659 11 658 10 100 
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Continuation Table 1 
Sample Spot position 
U Th/U 204 Corrected Ratios a 204 corrected ages 
ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
FSV35 centre 233 0.46 0.0594 1.146 0.0946 1.628 0.7743 1.990 0.818 580 25 583 9 582 9 100 
FSV35 centre 138 0.31 0.0599 1.503 0.0972 1.770 0.8026 2.322 0.762 600 33 598 10 598 11 100 
FSV35 edge 214 0.41 0.0592 3.860 0.0976 2.702 0.7961 4.712 0.573 574 84 600 16 595 21 101 
FSV35 centre 3305 0.31 0.0600 1.007 0.0976 1.579 0.8082 1.873 0.843 605 22 600 9 601 9 100 
FSV35 centre 393 0.53 0.0598 1.192 0.0977 1.737 0.8058 2.107 0.825 597 26 601 10 600 10 100 
FSV35 centre 216 0.28 0.0599 1.701 0.0985 1.839 0.8142 2.505 0.734 601 37 606 11 605 11 100 
FSV35 centre 140 0.49 0.0602 1.744 0.0989 1.881 0.8207 2.565 0.733 611 38 608 11 608 12 100 
FSV35 centre 182 0.39 0.0604 1.390 0.1008 1.825 0.8402 2.294 0.796 619 30 619 11 619 11 100 
FSV35 centre 453 0.41 0.0616 1.264 0.1017 1.681 0.8640 2.103 0.799 660 27 625 10 632 10 99 
FSV35 centre 633 0.41 0.0608 1.251 0.1018 1.808 0.8524 2.199 0.822 630 27 625 11 626 10 100 
FSV35 edge 398 0.58 0.0608 3.454 0.1024 2.526 0.8583 4.279 0.590 632 74 628 15 629 20 100 
FSV35 centre 209 0.36 0.0607 1.235 0.1024 1.640 0.8576 2.053 0.799 630 27 629 10 629 10 100 
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Table 2. LA-SF-ICP-MS U-Pb standard dates; (a) Data corrected for common Pb; (b) Concordance calculated as (206Pb/238U/207Pb/206Pb)*100; (c) 
Error correlation defined as the quotient of the propagated errors of the 206Pb/238U and the 207Pb/235U ratio; STD1 primary standard; STD2 secondary 
standard. 
 U Th/U 204 Corrected Ratios a 204 corrected ages 
GJ1 ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
STD1 303 0.02 0.0604 3.491 0.099 2.549 0.825 4.322 0.590 619 75 609 15 611 20 100 
STD1 308 0.02 0.0605 1.108 0.099 1.580 0.823 1.929 0.819 620 24 607 9 610 9 100 
STD1 304 0.02 0.0602 1.114 0.098 1.564 0.817 1.920 0.815 609 24 605 9 606 9 100 
STD1 317 0.02 0.0607 1.214 0.099 1.630 0.830 2.032 0.802 627 26 610 9 613 9 99 
STD1 339 0.02 0.0605 1.074 0.098 1.636 0.816 1.957 0.836 623 23 601 9 606 9 99 
STD1 312 0.02 0.0600 1.067 0.099 1.623 0.815 1.943 0.836 603 23 606 9 605 9 100 
STD1 310 0.02 0.0596 1.177 0.098 1.638 0.804 2.017 0.812 589 26 602 9 599 9 100 
STD1 307 0.02 0.0596 1.156 0.099 1.664 0.815 2.026 0.821 589 25 610 10 605 9 101 
STD1 324 0.02 0.0600 1.619 0.098 1.766 0.806 2.396 0.737 602 35 600 10 600 11 100 
STD1 305 0.02 0.0598 1.070 0.097 1.603 0.803 1.927 0.832 598 23 599 9 599 9 100 
STD1 331 0.02 0.0599 1.201 0.098 1.644 0.811 2.036 0.808 601 26 604 9 603 9 100 
STD1 309 0.02 0.0602 3.498 0.099 2.606 0.820 4.362 0.597 611 76 607 15 608 20 100 
STD1 274 0.02 0.0599 1.619 0.100 1.816 0.828 2.433 0.747 600 35 616 11 612 11 101 
STD1 305 0.02 0.0600 1.875 0.100 1.902 0.825 2.671 0.712 603 41 613 11 611 12 100 
BB 
STD2 591 0.15 0.0589 1.275 0.091 1.666 0.737 2.098 0.794 565 28 560 9 561 9 100 
STD2 558 0.15 0.0584 1.095 0.092 1.637 0.738 1.970 0.831 546 24 565 9 561 9 101 
STD2 478 0.15 0.0593 1.777 0.091 1.788 0.742 2.521 0.709 578 39 560 10 564 11 99 
STD2 406 0.14 0.0581 1.171 0.090 1.548 0.724 1.941 0.798 532 26 558 8 553 8 101 
STD2 447 0.14 0.0586 1.463 0.090 1.753 0.728 2.284 0.768 554 32 556 9 555 10 100 
STD2 532 0.15 0.0586 1.167 0.092 1.593 0.744 1.975 0.807 551 25 568 9 565 9 101 
STD2 520 0.15 0.0586 1.058 0.092 1.585 0.744 1.905 0.832 552 23 568 9 565 8 101 
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Continuation Table 2 
U Th/U 204 Corrected Ratios a 204 corrected ages 
STD1 GJ1 ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
STD1 310 0.02 0.0607 1.1203 0.0987 1.5191 0.8264 1.8875 0.8048 629 24 607 9 612 9 99 
STD1 295 0.02 0.0594 1.1456 0.0984 1.5442 0.8056 1.9228 0.8031 580 25 605 9 600 9 101 
STD1 301 0.02 0.0598 1.1425 0.0967 1.5316 0.7980 1.9107 0.8016 597 25 595 9 596 9 100 
STD1 293 0.02 0.0599 1.6105 0.0993 1.6793 0.8206 2.3267 0.7217 602 35 610 10 608 11 100 
STD1 307 0.02 0.0598 1.5707 0.0979 1.6689 0.8074 2.2918 0.7282 597 34 602 10 601 10 100 
STD1 319 0.02 0.0602 1.3653 0.0993 1.5955 0.8243 2.0999 0.7598 611 30 610 9 610 10 100 
STD1 316 0.02 0.0593 1.1977 0.0983 1.5674 0.8030 1.9726 0.7946 577 26 604 9 599 9 101 
STD1 328 0.02 0.0607 1.8349 0.0990 1.7731 0.8288 2.5516 0.6949 629 40 609 10 613 12 99 
STD1 321 0.02 0.0604 1.8035 0.0992 1.7313 0.8260 2.5000 0.6925 619 39 609 10 611 12 100 
STD1 295 0.02 0.0599 1.1358 0.0981 1.4683 0.8096 1.8564 0.7910 599 25 603 8 602 8 100 
STD1 279 0.02 0.0595 1.1425 0.0979 1.4716 0.8030 1.8631 0.7899 586 25 602 8 599 8 101 
STD1 289 0.02 0.0598 1.1375 0.0980 1.4694 0.8078 1.8582 0.7907 596 25 603 8 601 8 100 
STD1 284 0.02 0.0600 1.1496 0.0983 1.4854 0.8134 1.8783 0.7908 604 25 604 9 604 9 100 
STD1 298 0.02 0.0601 1.1320 0.0996 1.5066 0.8246 1.8845 0.7995 606 24 612 9 611 9 100 
STD1 300 0.02 0.0599 2.3368 0.0981 1.9380 0.8095 3.0359 0.6384 599 51 603 11 602 14 100 
STD1 316 0.02 0.0598 3.5391 0.1000 2.4993 0.8245 4.3326 0.5769 596 77 615 15 611 20 101 
STD1 316 0.02 0.0599 1.1513 0.0982 1.4866 0.8115 1.8803 0.7906 601 25 604 9 603 9 100 
STD1 299 0.02 0.0601 3.5244 0.0998 2.5058 0.8271 4.3243 0.5795 608 76 613 15 612 20 100 
STD1 354 0.02 0.0596 3.5578 0.0996 2.5229 0.8177 4.3615 0.5784 588 77 612 15 607 20 101 
STD1 346 0.02 0.0594 3.5656 0.0984 2.5409 0.8062 4.3784 0.5803 583 77 605 15 600 20 101 
STD1 300 0.02 0.0606 1.9255 0.0992 1.7689 0.8291 2.6147 0.6765 626 42 610 10 613 12 99 
STD1 280 0.02 0.0603 1.1273 0.0977 1.4938 0.8129 1.8714 0.7982 615 24 601 9 604 9 100 
STD1 284 0.02 0.0602 1.1299 0.0978 1.5136 0.8113 1.8889 0.8013 610 24 601 9 603 9 100 
STD1 277 0.02 0.0599 1.1360 0.0992 1.4918 0.8188 1.8751 0.7956 599 25 610 9 607 9 100 
STD1 278 0.02 0.0601 1.1808 0.0982 1.5269 0.8145 1.9302 0.7911 608 26 604 9 605 9 100 
 
Stellenbosch University  https://scholar.sun.ac.za
Stellenbosch University  https://scholar.sun.ac.za
183 
Continuation Table 2 
U Th/U 204 Corrected Ratios a 204 corrected ages 
STD1 GJ1 ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
STD1 303 0.02 0.0594 1.2956 0.0991 1.6554 0.8118 2.1021 0.7875 583 28 609 10 603 10 101 
STD1 313 0.02 0.0596 1.2917 0.0973 1.6658 0.7993 2.1080 0.7902 589 28 598 10 596 10 100 
STD1 289 0.02 0.0599 1.4028 0.0997 1.7046 0.8234 2.2076 0.7721 599 30 613 10 610 10 100 
STD1 273 0.02 0.0591 2.3921 0.0997 2.0601 0.8132 3.1569 0.6526 573 52 613 12 604 14 101 
 Plešovice 
STD2 388 0.11 0.0534 1.2914 0.0548 1.6073 0.4033 2.0618 0.7796 347 29 344 5 344 6 100 
STD2 336 0.11 0.0531 1.8793 0.0536 2.0694 0.3922 2.7954 0.7403 332 43 337 7 336 8 100 
STD2 392 0.09 0.0536 1.4889 0.0532 1.7412 0.3928 2.2909 0.7600 352 34 334 6 336 7 99 
STD2 378 0.09 0.0534 1.6540 0.0520 1.8592 0.3824 2.4884 0.7471 345 37 327 6 329 7 99 
 BB 
STD2 439 0.17 0.0584 1.0961 0.0911 1.4494 0.7332 1.8172 0.7976 544 24 562 8 558 8 101 
STD2 423 0.17 0.0590 1.1965 0.0902 1.4618 0.7346 1.8891 0.7738 569 26 557 8 559 8 100 
STD2 436 0.16 0.0585 1.0948 0.0905 1.4802 0.7297 1.8410 0.8040 547 24 559 8 556 8 100 
STD2 429 0.16 0.0585 1.9041 0.0904 1.7881 0.7286 2.6121 0.6846 547 42 558 10 556 11 100 
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Continuation Table 2 
U Th/U 204 Corrected Ratios a 204 corrected ages 
GJ1 ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
STD1 325 0.021 0.060 1.127 0.098 1.645 0.820 1.994 0.825 616 24 606 10 608 9 100 
STD1 343 0.021 0.061 1.165 0.097 1.723 0.819 2.080 0.828 637 25 600 10 608 10 99 
STD1 344 0.021 0.061 1.156 0.099 1.703 0.823 2.059 0.827 623 25 606 10 610 9 99 
STD1 318 0.021 0.060 1.149 0.098 1.660 0.808 2.019 0.822 605 25 600 10 601 9 100 
STD1 307 0.021 0.060 1.332 0.099 1.714 0.818 2.171 0.790 611 29 606 10 607 10 100 
STD1 309 0.021 0.060 1.137 0.099 1.666 0.810 2.017 0.826 588 25 606 10 602 9 101 
STD1 272 0.021 0.060 1.221 0.098 1.700 0.808 2.093 0.812 589 26 605 10 601 10 101 
STD1 287 0.021 0.060 2.707 0.098 2.253 0.815 3.522 0.640 608 59 605 13 606 16 100 
STD1 284 0.021 0.060 1.273 0.099 1.707 0.819 2.130 0.802 601 28 609 10 607 10 100 
STD1 290 0.021 0.059 1.177 0.099 1.699 0.811 2.067 0.822 585 26 608 10 603 9 101 
STD1 343 0.019 0.060 1.121 0.098 1.555 0.806 1.917 0.811 596 24 601 9 600 9 100 
STD1 332 0.019 0.060 1.105 0.098 1.571 0.807 1.921 0.818 594 24 603 9 601 9 100 
STD1 285 0.019 0.060 1.738 0.098 1.731 0.820 2.453 0.706 621 37 605 10 608 11 99 
STD1 345 0.019 0.060 1.116 0.099 1.598 0.818 1.949 0.820 605 24 608 9 607 9 100 
STD1 339 0.018 0.059 1.111 0.098 1.590 0.803 1.940 0.820 581 24 603 9 599 9 101 
STD1 313 0.019 0.061 1.105 0.099 1.603 0.824 1.947 0.823 626 24 606 9 610 9 99 
STD1 300 0.019 0.060 1.319 0.098 1.642 0.810 2.106 0.780 595 29 604 9 602 10 100 
STD1 290 0.019 0.061 1.123 0.100 1.607 0.831 1.960 0.820 623 24 612 9 614 9 100 
STD1 292 0.018 0.060 1.867 0.099 1.838 0.818 2.620 0.701 606 40 607 11 607 12 100 
STD1 275 0.019 0.060 1.442 0.099 1.709 0.816 2.236 0.764 603 31 607 10 606 10 100 
STD1 288 0.018 0.059 1.179 0.098 1.621 0.805 2.004 0.809 582 26 604 9 600 9 101 
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Continuation Table 2 
U Th/U 204 Corrected Ratios a 204 corrected ages 
BB ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
STD2 545 0.15 0.059 1.098 0.092 1.683 0.747 2.009 0.837 575 24 565 9 567 9 100 
STD2 428 0.15 0.058 1.149 0.091 1.640 0.736 2.002 0.819 542 25 564 9 560 9 101 
STD2 423 0.15 0.059 1.681 0.092 1.828 0.746 2.484 0.736 550 37 570 10 566 11 101 
STD2 405 0.16 0.059 1.151 0.092 1.670 0.751 2.028 0.823 570 25 569 9 569 9 100 
STD2 537 0.13 0.059 1.068 0.090 1.556 0.732 1.887 0.824 567 23 556 8 558 8 100 
STD2 518 0.14 0.058 1.066 0.091 1.564 0.728 1.893 0.826 536 23 560 8 555 8 101 
STD2 509 0.13 0.059 1.455 0.091 1.658 0.738 2.206 0.752 557 32 562 9 561 10 100 
STD2 511 0.13 0.059 1.086 0.090 1.572 0.734 1.911 0.823 566 24 557 8 559 8 100 
STD2 510 0.14 0.059 1.072 0.090 1.571 0.732 1.902 0.826 558 23 558 8 558 8 100 
STD2 514 0.14 0.059 1.071 0.091 1.569 0.734 1.900 0.826 560 23 559 8 559 8 100 
STD2 512 0.14 0.059 1.074 0.091 1.576 0.739 1.907 0.826 555 23 564 9 562 8 100 
STD2 556 0.14 0.060 1.297 0.092 1.670 0.754 2.114 0.790 587 28 566 9 570 9 99 
STD2 499 0.14 0.059 1.190 0.092 1.614 0.749 2.006 0.805 564 26 568 9 568 9 100 
STD2 501 0.14 0.058 1.839 0.092 1.838 0.745 2.600 0.707 548 40 569 10 565 11 101 
STD2 433 0.14 0.059 1.122 0.090 1.622 0.730 1.972 0.822 560 24 556 9 556 8 100 
 
GJ1 
STD1 324 0.02 0.0602 1.130 0.0988 1.620 0.8196 1.975 0.820 610 24 607 9 608 9 100 
STD1 334 0.02 0.0607 1.121 0.0983 1.607 0.8226 1.959 0.820 628 24 605 9 609 9 99 
STD1 318 0.02 0.0594 1.128 0.0994 1.610 0.8142 1.965 0.819 582 24 611 9 605 9 101 
STD1 300 0.02 0.0594 2.227 0.0980 1.985 0.8023 2.983 0.665 581 48 603 11 598 14 101 
STD1 293 0.02 0.0602 1.130 0.0993 1.612 0.8235 1.969 0.819 610 24 610 9 610 9 100 
STD1 294 0.02 0.0597 1.139 0.0990 1.616 0.8150 1.977 0.817 593 25 609 9 605 9 101 
STD1 284 0.02 0.0599 1.816 0.0997 1.827 0.8236 2.576 0.709 600 39 613 11 610 12 100 
STD1 305 0.02 0.0602 2.353 0.0981 2.057 0.8139 3.126 0.658 609 51 603 12 605 14 100 
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Continuation Table 2 
U Th/U 204 Corrected Ratios a 204 corrected ages 
GJ1 ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
STD1 312 0.02 0.0588 1.157 0.0988 1.619 0.8011 1.990 0.814 559 25 608 9 597 9 102 
STD1 320 0.02 0.0604 1.175 0.0988 1.640 0.8230 2.017 0.813 619 25 607 10 610 9 100 
STD1 297 0.02 0.0608 1.243 0.0986 1.659 0.8270 2.073 0.800 633 27 606 10 612 10 99 
STD1 315 0.02 0.0605 1.190 0.0988 1.640 0.8240 2.026 0.809 622 26 607 10 610 9 99 
STD1 312 0.02 0.0595 1.196 0.0982 1.650 0.8063 2.038 0.810 587 26 604 10 600 9 101 
STD1 328 0.02 0.0602 1.097 0.0989 1.678 0.8202 2.005 0.837 609 24 608 10 608 9 100 
STD1 330 0.02 0.0602 1.113 0.1000 1.679 0.8304 2.015 0.834 611 24 615 10 614 9 100 
STD1 305 0.02 0.0600 1.117 0.0989 1.678 0.8177 2.016 0.832 602 24 608 10 607 9 100 
STD1 299 0.02 0.0605 1.689 0.1000 1.860 0.8344 2.512 0.740 623 36 614 11 616 12 100 
STD1 304 0.02 0.0596 1.141 0.0991 1.696 0.8141 2.044 0.830 589 25 609 10 605 9 101 
STD1 292 0.02 0.0601 1.148 0.0993 1.693 0.8222 2.046 0.828 606 25 610 10 609 9 100 
STD1 298 0.02 0.0610 1.165 0.0981 1.693 0.8241 2.055 0.824 637 25 603 10 610 9 99 
STD1 307 0.02 0.0602 1.180 0.0981 1.693 0.8135 2.064 0.820 610 26 603 10 604 9 100 
STD1 339 0.02 0.0603 1.112 0.0996 1.688 0.8271 2.021 0.835 613 24 612 10 612 9 100 
STD1 299 0.02 0.0601 1.132 0.0993 1.673 0.8222 2.020 0.828 606 24 610 10 609 9 100 
STD1 313 0.02 0.0602 1.130 0.0989 1.678 0.8205 2.023 0.829 609 24 608 10 608 9 100 
STD1 308 0.02 0.0606 1.311 0.0984 1.754 0.8216 2.190 0.801 624 28 605 10 609 10 99 
STD1 309 0.02 0.0598 1.137 0.0992 1.693 0.8180 2.040 0.830 596 25 610 10 607 9 100 
STD1 301 0.02 0.0599 1.153 0.0998 1.704 0.8233 2.057 0.828 599 25 613 10 610 9 101 
STD1 315 0.02 0.0590 2.290 0.0985 2.074 0.8019 3.090 0.671 569 50 606 12 598 14 101 
STD1 301 0.02 0.0604 2.505 0.0989 2.175 0.8239 3.317 0.656 619 54 608 13 610 15 100 
STD1 299 0.02 0.0593 2.012 0.0995 1.969 0.8144 2.815 0.699 580 44 612 11 605 13 101 
STD1 312 0.02 0.0603 1.268 0.0982 1.740 0.8168 2.153 0.808 616 27 604 10 606 10 100 
STD1 303 0.02 0.0595 1.160 0.0994 1.710 0.8150 2.067 0.828 584 25 611 10 605 9 101 
STD1 294 0.02 0.0594 1.414 0.0981 1.781 0.8038 2.274 0.783 582 31 603 10 599 10 101 
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Continuation Table 2 
U Th/U 204 Corrected Ratios a 204 corrected ages 
GJ1 ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
STD1 289 0.02 0.0599 1.202 0.0983 1.647 0.8122 2.039 0.808 600 26 605 10 604 9 100 
STD1 288 0.02 0.0604 1.666 0.0980 1.779 0.8168 2.437 0.730 619 36 603 10 606 11 99 
STD1 263 0.02 0.0606 1.341 0.0997 1.683 0.8335 2.152 0.782 625 29 613 10 616 10 100 
STD1 290 0.02 0.0604 1.453 0.1002 1.746 0.8352 2.271 0.769 619 31 616 10 616 11 100 
STD1 267 0.02 0.0599 1.236 0.0992 1.674 0.8185 2.081 0.805 599 27 609 10 607 10 100 
STD1 315 0.02 0.0604 1.288 0.1006 1.756 0.8374 2.178 0.806 616 28 618 10 618 10 100 
STD1 393 0.02 0.0601 1.670 0.0996 1.935 0.8245 2.556 0.757 606 36 612 11 611 12 100 
STD1 328 0.02 0.0603 2.291 0.0976 2.078 0.8118 3.093 0.672 615 49 600 12 603 14 99 
STD1 338 0.02 0.0607 1.185 0.0978 1.717 0.8192 2.087 0.823 630 26 602 10 608 10 99 
BB 
STD2 366 0.14 0.0590 1.357 0.0923 1.582 0.7504 2.084 0.759 566 30 569 9 568 9 100 
STD2 505 0.15 0.0579 2.379 0.0915 2.079 0.7308 3.159 0.658 526 52 565 11 557 14 101 
STD2 399 0.15 0.0592 1.199 0.0917 1.571 0.7486 1.976 0.795 575 26 565 9 567 9 100 
STD2 361 0.15 0.0583 1.321 0.0917 1.592 0.7369 2.069 0.770 540 29 566 9 561 9 101 
STD2 386 0.15 0.0587 1.227 0.0914 1.575 0.7397 1.997 0.789 555 27 564 9 562 9 100 
STD2 506 0.14 0.0586 1.922 0.0922 1.932 0.7448 2.726 0.709 553 42 568 11 565 12 101 
STD2 468 0.14 0.0583 2.121 0.0923 2.003 0.7416 2.917 0.687 541 46 569 11 563 13 101 
STD2 485 0.14 0.0590 1.102 0.0923 1.668 0.7506 1.999 0.834 566 24 569 9 569 9 100 
STD2 498 0.14 0.0584 1.926 0.0916 1.958 0.7372 2.747 0.713 545 42 565 11 561 12 101 
STD2 484 0.14 0.0594 1.259 0.0911 1.712 0.7457 2.125 0.806 581 27 562 9 566 9 99 
STD2 507 0.14 0.0579 1.276 0.0906 1.731 0.7230 2.150 0.805 525 28 559 9 552 9 101 
STD2 515 0.14 0.0587 1.841 0.0909 1.927 0.7349 2.665 0.723 555 40 561 10 559 12 100 
STD2 523 0.14 0.0593 1.113 0.0899 1.691 0.7346 2.025 0.835 577 24 555 9 559 9 99 
STD2 518 0.14 0.0585 1.793 0.0902 1.905 0.7273 2.616 0.728 549 39 556 10 555 11 100 
STD2 477 0.14 0.0593 1.148 0.0922 1.692 0.7532 2.044 0.828 576 25 569 9 570 9 100 
STD2 429 0.14 0.0592 1.184 0.0903 1.655 0.7365 2.035 0.813 573 26 557 9 560 9 99 
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Continuation Table 2 
U Th/U 204 Corrected Ratios a 204 corrected ages 
GJ1 ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
STD1 311 0.02 0.0604 1.142 0.097 1.646 0.810 2.003 0.822 618 25 598 9 602 9 99 
STD1 285 0.02 0.0608 3.477 0.099 2.592 0.833 4.337 0.598 634 75 610 15 615 20 99 
STD1 308 0.02 0.0595 1.142 0.100 1.644 0.819 2.002 0.821 587 25 613 10 607 9 101 
STD1 294 0.02 0.0599 1.153 0.098 1.641 0.805 2.005 0.818 599 25 600 9 599 9 100 
STD1 295 0.02 0.0603 2.728 0.099 2.235 0.824 3.526 0.634 615 59 609 13 610 16 100 
STD1 311 0.02 0.0595 3.548 0.099 2.604 0.815 4.401 0.592 587 77 610 15 605 20 101 
STD1 303 0.02 0.0596 2.359 0.098 2.061 0.809 3.132 0.658 590 51 605 12 602 14 101 
STD1 320 0.02 0.0592 2.342 0.098 2.067 0.801 3.124 0.662 574 51 604 12 598 14 101 
STD1 324 0.02 0.0598 3.544 0.099 2.614 0.820 4.404 0.594 596 77 611 15 608 20 101 
STD1 307 0.02 0.0594 1.196 0.099 1.659 0.809 2.045 0.811 581 26 608 10 602 9 101 
STD1 320 0.02 0.0606 1.173 0.098 1.672 0.819 2.042 0.819 623 25 603 10 607 9 99 
STD1 1092 0.23 0.0600 1.116 0.098 1.639 0.808 1.983 0.826 604 24 601 9 601 9 100 
STD1 260 0.02 0.0602 1.213 0.099 1.599 0.820 2.007 0.797 610 26 607 9 608 9 100 
STD1 264 0.02 0.0599 1.236 0.100 1.604 0.826 2.025 0.792 599 27 615 9 611 9 101 
STD1 286 0.02 0.0600 2.604 0.099 2.117 0.815 3.356 0.631 603 56 606 12 605 15 100 
STD1 290 0.02 0.0595 2.308 0.100 1.974 0.817 3.036 0.650 586 50 612 12 607 14 101 
STD1 289 0.02 0.0606 1.915 0.097 1.835 0.815 2.653 0.692 626 41 600 11 605 12 99 
STD1 302 0.02 0.0591 1.185 0.099 1.599 0.805 1.990 0.803 569 26 608 9 599 9 101 
STD1 292 0.02 0.0598 1.188 0.099 1.579 0.814 1.976 0.799 596 26 607 9 605 9 100 
STD1 298 0.02 0.0596 1.253 0.099 1.605 0.809 2.036 0.788 588 27 606 9 602 9 101 
STD1 322 0.02 0.0598 2.532 0.098 2.102 0.812 3.291 0.639 597 55 605 12 604 15 100 
STD1 315 0.02 0.0605 1.173 0.099 1.599 0.825 1.983 0.806 622 25 607 9 611 9 99 
STD1 294 0.02 0.0594 1.195 0.098 1.615 0.801 2.009 0.804 582 26 602 9 598 9 101 
STD1 322 0.02 0.0591 1.493 0.099 1.726 0.803 2.282 0.756 570 32 606 10 599 10 101 
STD1 326 0.02 0.0601 1.198 0.097 1.643 0.807 2.033 0.808 608 26 599 9 601 9 100 
STD1 333 0.02 0.0603 1.193 0.099 1.659 0.822 2.044 0.812 615 26 608 10 609 9 100 
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Continuation Table 2 
U Th/U 204 Corrected Ratios a 204 corrected ages 
GJ1 ppm   207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s RHO c 207Pb/206Pb 2s 206Pb/238U 2s 207Pb/235U 2s Conc b 
STD1 333 0.02 0.0603 1.193 0.099 1.659 0.822 2.044 0.812 615 26 608 10 609 9 100 
STD1 344 0.02 0.0601 1.198 0.098 1.658 0.809 2.046 0.811 606 26 601 10 602 9 100 
STD1 341 0.02 0.0598 2.325 0.099 2.052 0.819 3.101 0.662 595 50 611 12 608 14 101 
STD1 356 0.02 0.0605 1.207 0.100 1.676 0.836 2.066 0.812 621 26 616 10 617 10 100 
Plešovice 
STD2 363 0.11 0.0528 1.591 0.054 1.910 0.393 2.486 0.768 321 36 339 6 337 7 101 
STD2 396 0.11 0.0534 1.387 0.054 1.773 0.394 2.251 0.788 347 31 336 6 337 6 100 
STD2 406 0.10 0.0528 1.212 0.054 1.630 0.393 2.031 0.803 321 28 339 5 337 6 101 
STD2 398 0.10 0.0540 1.223 0.054 1.630 0.402 2.037 0.800 370 28 339 5 343 6 99 
STD2 498 0.09 0.0536 1.194 0.054 1.561 0.398 1.965 0.794 354 27 338 5 340 6 99 
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Table 3. High-precision LA-MC-ICP-MS U-Pb Galiléia zircon dates; (a) The mean 207Pb signal in counts per second (cps) was within-run 
background corrected; (b) U, Th and Th/U ratio calculated relative to the GJ-1 reference; (c) Pbc is the total amouint of common Pb; intial Pb using 
Stacey and Kramers (1975) model; (d) Corrected for background, within-run Pb/U fractionation and common Pb; 207Pb/235U calculated using 
207Pb/206Pb/(238U/206Pb×1/137.88); (e) Error correlation defined as the quotient of the propagated errors of the 206Pb/238U and the 207Pb/235U ratio; (f) 
Concordance calculated as (206Pb/238U/207Pb/206Pb)*100. 













































FGL6 centre 7868 445 40 0.28 0.374 0.090 0.8 0.728 1.1 0.059 0.8 0.699 554 4 555 5 560 18 99 
FGL6 edge 13783 843 73 0.18 0.430 0.090 1.0 0.732 1.2 0.059 0.8 0.768 556 5 558 5 562 17 99 
FGL6 centre 3299 194 18 0.30 0.265 0.091 0.7 0.741 1.1 0.059 0.9 0.655 562 4 563 5 567 19 99 
FGL6 centre 3200 186 17 0.24 0.761 0.091 0.6 0.742 1.5 0.059 1.3 0.440 563 3 564 6 567 28 99 
FGL6 edge 12354 714 65 0.28 0.415 0.091 0.4 0.745 0.9 0.059 0.8 0.456 564 2 566 4 574 17 98 
FGL6 edge 9956 591 54 0.25 0.179 0.092 0.7 0.753 0.9 0.059 0.6 0.755 569 4 570 4 573 12 99 
FGL6 centre 7155 410 43 0.72 0.182 0.093 0.3 0.758 0.7 0.059 0.6 0.503 572 2 573 3 577 12 99 
FGL6 res 1369 80 8 0.31 0.000 0.093 0.7 0.762 1.0 0.059 0.8 0.651 575 4 575 5 574 17 100 
FGL6 centre 5925 329 30 0.21 0.242 0.094 0.7 0.767 1.0 0.059 0.8 0.685 577 4 578 5 582 16 99 
FGL6 edge 3833 224 21 0.28 0.354 0.094 0.6 0.771 1.0 0.059 0.8 0.606 580 3 581 5 581 18 100 
FGL6 edge 12886 758 69 0.20 0.203 0.094 0.5 0.773 0.8 0.059 0.6 0.689 581 3 581 3 585 12 99 
FGL6 centre 6150 350 32 0.16 1.280 0.094 0.6 0.774 2.0 0.059 1.9 0.280 581 3 582 9 585 42 99 
FGL6 edge 7050 412 39 0.29 0.645 0.094 0.4 0.775 1.2 0.060 1.1 0.336 582 2 583 5 587 24 99 
FGL6 resorbed 1299 73 7 0.29 0.222 0.095 0.7 0.781 1.2 0.060 1.0 0.561 585 4 586 5 588 22 99 
FGL6 core  5541 316 30 0.24 0.764 0.096 1.5 0.787 2.0 0.060 1.3 0.769 590 9 590 9 590 28 100 
FGL6 edge 8406 488 45 0.17 0.128 0.096 0.7 0.790 0.8 0.060 0.5 0.787 590 4 591 4 596 11 99 
FGL6 centre 4551 264 26 0.37 0.137 0.096 0.6 0.789 0.9 0.060 0.7 0.654 590 3 591 4 594 14 99 
FGL6 edge 4983 286 28 0.37 0.660 0.096 0.5 0.792 1.2 0.060 1.1 0.385 592 3 593 6 594 25 100 
FGL6 centre 9813 560 55 0.35 0.172 0.097 0.6 0.796 0.8 0.060 0.5 0.746 594 3 595 4 597 12 100 
FGL6 edge 3177 185 18 0.22 0.000 0.097 0.6 0.798 0.9 0.060 0.7 0.644 595 3 596 4 599 15 99 
FGL6 edge 9028 524 51 0.29 0.000 0.097 0.6 0.802 0.8 0.060 0.5 0.775 598 4 598 4 599 11 100 
FGL6 edge 7180 393 36 0.13 0.135 0.097 0.6 0.806 0.8 0.060 0.5 0.710 600 3 600 4 602 12 100 
FGL6 centre 3396 197 20 0.51 0.392 0.098 0.5 0.810 1.1 0.060 1.0 0.428 602 3 602 5 604 21 100 
FGL6 resorbed 5634 315 30 0.18 0.708 0.098 0.9 0.816 1.5 0.060 1.2 0.611 605 5 606 7 608 26 100 
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FGL6 resorbed 5634 315 30 0.18 0.708 0.098 0.9 0.816 1.5 0.060 1.2 0.611 605 5 606 7 608 26 100 
FGL6 resorbed 1884 103 11 0.69 1.233 0.100 0.7 0.831 2.1 0.060 2.0 0.313 614 4 614 10 615 43 100 
FGL6 centre 4840 268 27 0.36 0.062 0.101 0.5 0.839 0.8 0.060 0.6 0.648 618 3 618 4 620 13 100 
FGL6 resorbed 5100 284 29 0.29 0.158 0.102 0.7 0.852 0.9 0.061 0.6 0.716 625 4 625 4 627 14 100 
FGL6 centre 1742 98 10 0.35 0.352 0.103 0.7 0.866 1.1 0.061 0.9 0.618 633 4 633 5 634 19 100 
FGL6 resorbed 5098 281 29 0.24 0.095 0.104 0.4 0.875 0.7 0.061 0.6 0.583 638 3 638 4 639 13 100 
FGL6 resorbed 11593 654 70 0.19 1.242 0.110 0.8 0.945 2.207 0.062 2.0 0.385 675 5 675 11 676 44 100 
 
FGL12 edge 4844 282 25 0.26 0.109 0.089 0.9 0.725 1.1 0.059 0.6 0.821 552 5 553 5 558 14 99 
FGL12 edge 6798 406 36 0.26 0.000 0.090 0.9 0.727 1.1 0.059 0.5 0.858 554 5 555 5 558 12 99 
FGL12 edge 4811 304 27 0.21 0.623 0.090 0.6 0.730 1.2 0.059 1.1 0.502 556 3 557 5 562 24 99 
FGL12 edge 4376 251 22 0.20 0.909 0.090 0.7 0.736 1.6 0.059 1.5 0.453 558 4 560 7 566 32 99 
FGL12 edge 8189 461 42 0.31 1.274 0.091 0.5 0.743 2.0 0.059 1.9 0.264 563 3 564 9 569 42 99 
FGL12 centre 3526 208 21 0.58 0.059 0.093 0.8 0.759 1.0 0.059 0.6 0.812 572 5 574 5 578 13 99 
FGL12 centre 2543 150 15 0.54 0.154 0.093 0.6 0.761 1.1 0.059 0.9 0.531 574 3 574 5 577 20 99 
FGL12 resorbed 1126 65 6 0.42 0.375 0.094 0.8 0.768 1.6 0.060 1.4 0.483 577 4 579 7 586 30 98 
FGL12 edge 6004 341 31 0.21 0.000 0.094 0.9 0.768 1.1 0.059 0.6 0.808 577 5 579 5 585 14 99 
FGL12 centre 1685 96 10 0.67 1.362 0.094 0.6 0.771 2.2 0.059 2.2 0.255 579 3 580 10 584 47 99 
FGL12 centre 1602 93 9 0.60 0.000 0.094 0.6 0.772 1.3 0.059 1.2 0.467 580 3 581 6 585 25 99 
FGL12 edge 9804 573 52 0.17 0.000 0.095 0.6 0.776 0.8 0.060 0.5 0.725 582 3 583 3 587 11 99 
FGL12 edge 4940 286 27 0.34 0.598 0.095 0.9 0.777 1.4 0.060 1.1 0.639 583 5 584 6 587 24 99 
FGL12 edge 7015 408 39 0.33 0.235 0.095 0.6 0.778 0.9 0.060 0.7 0.683 583 3 585 4 589 15 99 
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Continuation Table 3. 





















































FGL12 centre 3121 182 18 0.47 0.000 0.095 0.6 0.778 1.0 0.060 0.8 0.598 584 3 584 4 587 17 99 
FGL12 centre 3079 157 16 0.48 0.683 0.095 0.6 0.783 2.3 0.060 2.2 0.244 585 3 587 10 597 48 98 
FGL12 centre 8362 495 50 0.50 0.251 0.096 0.7 0.787 0.9 0.060 0.6 0.778 588 4 589 4 592 13 99 
FGL12 centre 1710 103 10 0.23 0.000 0.096 0.6 0.791 1.2 0.060 1.0 0.513 592 3 592 5 590 22 100 
FGL12 centre 1490 85 8 0.38 0.000 0.096 0.5 0.794 1.0 0.060 0.8 0.541 592 3 593 4 597 18 99 
FGL12 centre 2192 124 12 0.40 0.054 0.097 0.5 0.798 1.0 0.060 0.8 0.498 595 3 596 4 598 18 99 
FGL12 centre 2038 104 10 0.21 0.953 0.098 1.7 0.805 2.4 0.060 1.7 0.689 600 9 600 11 599 38 100 
FGL12 edge 1694 96 10 0.39 0.181 0.098 0.6 0.815 1.2 0.060 1.0 0.503 605 3 605 5 606 22 100 
FGL12 centre 1001 57 6 0.72 0.189 0.099 0.8 0.818 1.5 0.060 1.3 0.498 606 4 607 7 610 28 99 
FGL12 resorbed 3190 180 19 0.56 0.500 0.099 0.7 0.820 1.2 0.060 1.0 0.576 607 4 608 6 611 21 99 
FGL12 centre 4747 271 28 0.54 0.812 0.099 0.7 0.823 1.5 0.060 1.3 0.485 609 4 610 7 613 29 99 
FGL12 centre 3692 202 20 0.36 1.439 0.099 0.6 0.827 2.3 0.060 2.2 0.278 611 4 612 10 615 47 99 
FGL12 resorbed 1486 86 9 0.40 0.000 0.100 0.7 0.828 1.2 0.060 0.9 0.609 612 4 612 5 614 20 100 
FGL12 resorbed 1633 95 10 0.33 0.372 0.100 0.6 0.828 1.2 0.060 1.0 0.538 612 4 612 6 613 22 100 
FGL12 resorbed 655 38 4 0.38 0.132 0.100 0.7 0.828 1.8 0.060 1.6 0.380 612 4 613 8 615 35 100 
FGL12 resorbed 4146 254 25 0.27 0.000 0.100 0.8 0.835 1.1 0.060 0.7 0.758 617 5 617 5 617 15 100 
FGL12 centre 2133 127 13 0.49 0.000 0.101 0.8 0.843 1.2 0.061 0.9 0.685 620 5 621 6 624 19 99 
FGL12 resorbed 1760 101 11 0.57 1.173 0.102 0.7 0.856 2.0 0.061 1.9 0.369 628 4 628 9 628 40 100 
FGL12 resorbed 1972 113 12 0.44 0.136 0.102 0.6 0.857 1.0 0.061 0.9 0.538 628 3 628 5 630 19 100 
FGL12 centre 1755 97 10 0.51 0.303 0.103 0.7 0.862 1.3 0.061 1.0 0.568 631 4 631 6 633 22 100 
FGL12 resorbed 1817 103 11 0.45 0.583 0.105 0.885 1.4 0.061 1.3 0.381 644 3 644 7 643 29 100 
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Table 4. High-precision LA-MC-ICP-MS U-Pb standards dates; (a) The mean 207Pb signal in counts per second (cps) was within-run background 
corrected; (b) U, Th and Th/U ratio calculated relative to the GJ-1 reference; (c) Pbc is the total amouint of common Pb; intial Pb using Stacey and 
Kramers (1975) model; (d) Corrected for background, within-run Pb/U fractionation and common Pb; 207Pb/235U calculated using 
207Pb/206Pb/(238U/206Pb×1/137.88); (e) Error correlation defined as the quotient of the propagated errors of the 206Pb/238U and the 207Pb/235U ratio; (f) 









































P3 865 48 4.61 0.22 0.24 0.098 0.74 0.812 1.39 0.060 1.18 0.53 602 4 603 6 608 25 99 
P3 851 49 4.67 0.23 0.14 0.098 0.81 0.813 1.48 0.060 1.24 0.55 603 5 604 7 606 27 99 
P3 747 42 3.97 0.23 0.26 0.097 0.89 0.803 1.67 0.060 1.42 0.53 598 5 599 8 603 31 99 
P3 686 39 3.68 0.22 0.21 0.098 0.65 0.808 1.53 0.060 1.39 0.43 600 4 601 7 605 30 99 
                    
BB9 6929 435 39.5 0.29 0.000 0.091 0.58 0.741 0.80 0.059 0.55 0.728 563 3 563 3 564 12 100 
BB9 7321 460 41.6 0.29 0.183 0.091 0.57 0.738 0.83 0.059 0.61 0.685 560 3 561 4 564 13 99 
BB9 6720 411 37.4 0.30 0.178 0.091 0.55 0.741 0.82 0.059 0.61 0.665 562 3 563 4 567 13 99 
BB9 6660 411 37.5 0.30 0.190 0.091 0.57 0.743 0.84 0.059 0.61 0.686 563 3 564 4 568 13 99 
BB9 6847 419 38.2 0.30 0.638 0.091 0.54 0.741 1.20 0.059 1.07 0.449 562 3 563 5 567 23 99 
BB9 5537 340 30.8 0.30 0.220 0.091 0.57 0.738 0.85 0.059 0.63 0.672 560 3 561 4 565 14 99 
BB9 4970 310 28.1 0.29 0.246 0.091 0.48 0.742 0.88 0.059 0.74 0.545 563 3 563 4 566 16 99 
BB9 5947 366 33.1 0.29 0.144 0.091 0.42 0.737 0.77 0.059 0.65 0.549 560 2 561 3 565 14 99 
BB9 4930 302 27.3 0.30 0.184 0.091 0.45 0.736 0.85 0.059 0.72 0.531 559 2 560 4 563 16 99 
BB9 5486 336 30.6 0.29 0.139 0.091 0.44 0.744 0.77 0.059 0.63 0.568 564 2 565 3 568 14 99 
BB9 5860 354 32.2 0.30 0.240 0.091 0.41 0.738 0.88 0.059 0.78 0.465 560 2 561 4 566 17 99 
BB9 5624 345 31.3 0.31 0.144 0.091 0.53 0.737 0.79 0.059 0.58 0.673 560 3 561 3 564 13 99 
BB9 6341 384 35.0 0.31 0.134 0.091 0.65 0.739 0.86 0.059 0.57 0.755 561 4 562 4 565 12 99 
BB9 5812 354 32.1 0.31 0.159 0.091 0.47 0.736 0.81 0.059 0.66 0.585 560 3 560 3 563 14 99 
BB9 5581 341 31.0 0.31 0.173 0.091 0.60 0.736 0.90 0.059 0.67 0.672 559 3 560 4 563 14 99 
BB9 5419 330 29.9 0.31 0.185 0.091 0.44 0.737 0.77 0.059 0.63 0.572 560 2 561 3 564 14 99 
BB9 4618 277 25.4 0.31 0.513 0.091 0.53 0.743 1.09 0.059 0.95 0.490 564 3 564 5 567 21 99 
BB9 4858 293 26.6 0.30 0.194 0.091 0.57 0.738 0.86 0.059 0.65 0.663 560 3 561 4 563 14 99 
BB9 4884 301 27.3 0.30 0.000 0.091 0.68 0.738 0.92 0.059 0.62 0.742 561 4 561 4 564 13 99 
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BB9 4952 304 28 0.30 0.17 0.091 0.649 0.7 0.998 0.059 0.758 0.7 559 3 560 4 563 17 99 
                    
Plešovice 4564 525 26 0.09 0.00 0.054 0.473 0.4 0.742 0.053 0.571 0.6 336 2 337 2 342 13 98 
Plešovice 3182 369 18 0.07 0.19 0.053 0.691 0.4 1.098 0.053 0.853 0.6 335 2 335 3 338 19 99 
Plešovice 2428 279 14 0.07 0.14 0.054 0.657 0.4 1.069 0.053 0.844 0.6 338 2 338 3 341 19 99 
Plešovice 4283 484 24 0.09 0.12 0.054 0.636 0.4 0.925 0.053 0.672 0.7 339 2 339 3 344 15 99 
Plešovice 4086 464 23 0.08 0.77 0.054 0.666 0.4 1.578 0.053 1.430 0.4 338 2 339 5 344 32 98 
Plešovice 3717 430 22 0.08 0.14 0.054 0.701 0.4 1.017 0.053 0.736 0.7 337 2 337 3 340 17 99 
Plešovice 3746 429 22 0.09 0.19 0.054 0.698 0.4 1.060 0.053 0.798 0.7 337 2 338 3 342 18 99 
Plešovice 2242 256 13 0.08 0.44 0.054 0.610 0.4 1.228 0.053 1.066 0.5 339 2 339 4 343 24 99 
Plešovice 3873 441 22 0.08 0.01 0.054 0.611 0.4 0.879 0.053 0.631 0.7 336 2 337 3 342 14 98 
Plešovice 1958 222 11 0.08 0.16 0.053 0.639 0.4 1.056 0.053 0.840 0.6 336 2 336 3 340 19 99 
Plešovice 2710 312 16 0.08 0.13 0.054 0.404 0.4 0.978 0.053 0.890 0.4 338 1 338 3 342 20 99 
Plešovice 2701 313 16 0.08 0.15 0.054 0.508 0.4 0.902 0.053 0.746 0.6 336 2 337 3 339 17 99 
Plešovice 2034 235 12 0.07 0.15 0.054 0.617 0.4 1.033 0.053 0.829 0.6 337 2 338 3 341 19 99 
Plešovice 2256 255 13 0.07 0.55 0.054 0.580 0.4 1.350 0.053 1.219 0.4 338 2 338 4 341 28 99 
Plešovice 2202 254 13 0.08 0.17 0.054 0.579 0.4 1.199 0.053 1.050 0.5 338 2 338 3 340 24 99 
Plešovice 2086 239 12 0.08 0.12 0.054 0.504 0.4 1.123 0.053 1.004 0.4 337 2 338 3 341 23 99 
Plešovice 2628 300 15 0.09 0.13 0.054 0.423 0.4 0.908 0.053 0.803 0.5 338 1 339 3 343 18 99 
Plešovice 2277 264 13 0.08 0.13 0.054 0.563 0.4 1.074 0.053 0.915 0.5 337 2 337 3 339 21 99 
Plešovice 1998 235 12 0.08 0.22 0.053 0.628 0.4 1.164 0.053 0.980 0.5 336 2 336 3 339 22 99 
Plešovice 2126 250 12 0.09 0.56 0.053 0.732 0.4 1.485 0.053 1.292 0.5 335 2 335 4 338 29 99 
Plešovice 2873 328 16 0.08 0.21 0.053 0.750 0.4 1.145 0.053 0.865 0.7 335 2 335 3 340 20 99 
Plešovice 2904 338 17 0.09 0.00 0.054 0.677 0.4 0.915 0.053 0.615 0.7 337 2 338 3 340 14 99 
Plešovice 3921 413 21 0.11 0.40 0.054 0.473 0.4 1.149 0.053 1.047 0.4 339 2 340 3 348 24 97 
Plešovice 3305 387 19 0.08 0.16 0.054 0.565 0.4 0.918 0.053 0.724 0.6 337 2 337 3 340 16 99 
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Temora 878 76 5 0.43 0.70 0.066 0.748 0.5 1.894 0.055 1.740 0.4 414 3 414 6 415 39 100 
Temora 841 71 5 0.43 0.20 0.067 0.697 0.5 1.327 0.055 1.129 0.5 415 3 416 5 420 25 99 
Temora 528 47 3 0.34 0.23 0.066 0.810 0.5 1.707 0.055 1.503 0.5 414 3 414 6 415 34 100 
Temora 624 54 4 0.43 0.39 0.066 0.736 0.5 1.968 0.055 1.825 0.4 413 3 415 7 422 41 98 
Temora 1037 93 6 0.43 0.10 0.066 0.676 0.5 1.481 0.055 1.318 0.5 414 3 414 5 415 29 100 
Temora 1056 95 7 0.44 0.01 0.066 1.097 0.5 1.436 0.055 0.926 0.8 414 4 414 5 418 21 99 
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Table 5. Lu-Hf Galiléia zircon isotopes; High-precision LA-MC-ICP-MS U-Pb standards dates; (a) 176Yb/177Hf = (176Yb/173Yb)true x 
(173Yb/177Hf)meas x (M173(Yb)/M177(Hf))b(Hf), b(Hf) = ln(179Hf/177Hf true / 179Hf/177Hfmeas )/ ln (M179(Hf)/M177(Hf) ), M=mass of respective 
isotope. The 176Lu/177Hf were calculated in a similar way by using the 175Lu/177Hf and b(Yb); (b) Mean Hf signal in volt; (c) Uncertainties are 
quadratic additions of the within-run precision and the daily reproducibility of the zircon standards; (d) Initial 176Hf/177Hf and εHf calculated using 
the 206Pb/238U age determined by LA-ICP-MS dating (see column s), and the CHUR parameters: 176Lu/177Hf = 0.0336, and 176Hf/177Hf = 0.282785 
(Bouvier et al., 2008); (e) Two stage "maximum" model age in billion years using the measured 176Lu/177Hf of each spot, the value of 176Lu/177Hf 
= 0.0113 (mean of average of continental crust (Taylor and McLennan, 1995); (f) 206Pb/238U age determined by LA-SF-ICP-MS dating.  






















FGL19 centre 0.04639 54 0.00143 14 1.46726 1.88601 13 0.282131 18 0.282115 -10 0.72 2.0 593 15 
FGL19 centre 0.04020 35 0.00135 10 1.46722 1.88656 13 0.282138 22 0.282123 -10 0.72 2.0 591 10 
FGL19 centre 0.03266 33 0.00107 9 1.46717 1.88627 15 0.282148 19 0.282136 -10 0.72 2.0 576 9 
FGL19 centre 0.05746 64 0.00198 20 1.46719 1.88609 13 0.282123 20 0.282102 -11 0.72 2.0 586 10 
FGL19 centre 0.03984 35 0.00135 10 1.46723 1.88643 14 0.282157 22 0.282141 -9 0.72 1.9 599 10 
FGL19 centre 0.02979 30 0.00101 9 1.46723 1.88666 15 0.282154 15 0.282143 -10 0.72 1.9 590 9 
FGL19 centre 0.03478 36 0.00117 10 1.46721 1.88619 15 0.282156 18 0.282143 -10 0.72 1.9 584 10 
FGL19 centre 0.04113 35 0.00139 9 1.46724 1.88598 15 0.282359 39 0.282343 -2 0.72 1.6 599 9 
FGL19 centre 0.02561 21 0.00086 6 1.46722 1.88636 14 0.282142 19 0.282132 -10 0.72 2.0 585 9 
FGL19 centre 0.01500 24 0.00050 8 1.46723 1.88570 13 0.282054 24 0.282048 -13 0.71 2.1 586 9 
FGL19 centre 0.04237 45 0.00141 13 1.46725 1.88644 16 0.282142 15 0.282127 -11 0.72 2.0 566 9 
FGL19 centre 0.04838 55 0.00163 17 1.46724 1.88572 15 0.282166 17 0.282149 -10 0.72 1.9 567 9 
FGL19 centre 0.04763 46 0.00158 13 1.46721 1.88634 12 0.282166 15 0.282149 -10 0.72 1.9 583 9 
FGL19 centre 0.03612 33 0.00121 9 1.46720 1.88638 14 0.282137 17 0.282123 -10 0.72 2.0 605 15 
FGL19 edge 0.04368 38 0.00148 9 1.46727 1.88637 13 0.282098 15 0.282082 -12 0.71 2.1 592 9 
FGL19 edge 0.04009 39 0.00130 11 1.46726 1.88597 17 0.282144 18 0.282130 -10 0.72 2.0 585 9 
FGL19 edge 0.03043 26 0.00104 7 1.46721 1.88642 14 0.282119 16 0.282107 -11 0.72 2.0 590 10 
FGL19 edge 0.04104 34 0.00138 9 1.46722 1.88639 20 0.282128 13 0.282113 -11 0.72 2.0 581 10 
FGL19 edge 0.04633 39 0.00156 11 1.46719 1.88631 12 0.282179 20 0.282162 -9 0.72 1.9 595 15 
FGL19 resorbed 0.02227 21 0.00076 6 1.46724 1.88630 13 0.282143 15 0.282134 -9 0.72 1.9 626 11 
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FGL22 centre 0.03545 46 0.00120 14 1.46721 1.88627 13 0.282149 18 0.282135 -10 0.72 2.0 581 10 
FGL22 centre 0.03799 32 0.00126 8 1.46718 1.88606 14 0.282174 16 0.282160 -9 0.72 1.9 588 10 
FGL22 centre 0.03795 38 0.00126 11 1.46722 1.88602 13 0.282156 19 0.282142 -9 0.72 1.9 598 15 
FGL22 centre 0.04372 41 0.00144 12 1.46719 1.88617 14 0.282120 15 0.282104 -11 0.72 2.0 608 16 
FGL22 centre 0.03315 38 0.00107 9 1.46722 1.88572 14 0.282186 19 0.282173 -8 0.72 1.9 625 11 
FGL22 centre 0.03451 32 0.00112 9 1.46720 1.88634 10 0.282051 18 0.282038 -13 0.71 2.1 607 11 
FGL22 centre 0.04882 48 0.00165 14 1.46719 1.88684 14 0.282117 19 0.282099 -11 0.72 2.0 596 11 
FGL22 edge 0.02659 30 0.00087 8 1.46715 1.88624 16 0.282113 16 0.282104 -11 0.72 2.0 598 10 
FGL22 edge 0.03469 31 0.00114 9 1.46725 1.88695 12 0.282100 19 0.282087 -12 0.71 2.0 587 10 
FGL22 edge 0.04617 40 0.00158 10 1.46724 1.88677 15 0.282155 17 0.282137 -10 0.72 2.0 579 9 
FGL22 resorbed 0.09587 147 0.00313 46 1.46725 1.88684 17 0.282190 17 0.282153 -8 0.72 1.9 640 10 
FGL26 centre 0.02113 22 0.00076 7 1.46726 1.88580 16 0.282160 17 0.282151 -9 0.72 1.9 610 12 
FGL26 centre 0.03976 42 0.00148 13 1.46720 1.88578 15 0.282154 17 0.282138 -10 0.72 2.0 587 9 
FGL26 centre 0.02150 29 0.00081 9 1.46722 1.88614 11 0.282042 20 0.282033 -14 0.71 2.2 576 9 
FGL26 centre 0.01337 11 0.00048 3 1.46726 1.88616 14 0.282133 20 0.282128 -10 0.72 2.0 598 25 
FGL26 edge 0.03759 35 0.00137 10 1.46725 1.88566 16 0.282179 20 0.282164 -9 0.72 1.9 586 9 
FGL26 centre 0.04797 40 0.00176 12 1.46723 1.88624 19 0.282143 17 0.282124 -11 0.72 2.0 568 8 
FGL26 centre 0.03598 30 0.00136 8 1.46721 1.88589 18 0.282188 15 0.282173 -8 0.72 1.9 592 9 
FGL26 centre 0.03704 42 0.00139 14 1.46723 1.88581 18 0.282108 14 0.282092 -11 0.72 2.0 623 10 
FGL26 centre 0.07981 100 0.00269 31 1.46719 1.88622 21 0.282091 13 0.282059 -12 0.71 2.1 625 10 
FGL26 centre 0.04160 39 0.00151 12 1.46721 1.88592 15 0.282195 17 0.282179 -9 0.72 1.9 563 9 
FGL26 resorbed 0.02292 28 0.00085 9 1.46724 1.88576 16 0.282145 14 0.282133 -7 0.72 1.9 714 15 
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FGL40 centre 0.02220 40 0.00078 13 1.46720 1.88644 12 0.282210 17 0.282202 -8 0.72 1.8 586 11 
FGL40 centre 0.03809 33 0.00143 10 1.46713 1.88672 13 0.282212 17 0.282197 -8 0.72 1.9 560 8 
FGL40 centre 0.03411 30 0.00127 8 1.46718 1.88651 12 0.282212 20 0.282198 -8 0.72 1.8 581 8 
FGL40 centre 0.03816 35 0.00139 11 1.46721 1.88666 12 0.282188 17 0.282173 -9 0.72 1.9 580 9 
FGL40 centre 0.02957 30 0.00102 8 1.46719 1.88688 13 0.282226 17 0.282215 -7 0.72 1.8 612 10 
FGL40 centre 0.02456 22 0.00087 6 1.46717 1.88711 12 0.282215 16 0.282205 -7 0.72 1.8 599 10 
FGL40 centre 0.02746 30 0.00097 9 1.46721 1.88668 13 0.282222 19 0.282211 -7 0.72 1.8 588 15 
FGL40 centre 0.03643 33 0.00134 9 1.46720 1.88712 11 0.282257 21 0.282243 -6 0.72 1.8 581 9 
FGL40 centre 0.04023 34 0.00146 10 1.46720 1.88725 12 0.282209 20 0.282193 -8 0.72 1.9 576 9 
FGL40 centre 0.03566 31 0.00130 9 1.46718 1.88677 12 0.282201 16 0.282188 -9 0.72 1.9 557 8 
FGL40 centre 0.03852 42 0.00143 13 1.46723 1.88672 12 0.282213 18 0.282197 -8 0.72 1.8 577 8 
FGL40 centre 0.01920 18 0.00072 5 1.46719 1.88672 12 0.282217 18 0.282210 -8 0.72 1.8 573 9 
FGL40 edge 0.02930 24 0.00112 7 1.46719 1.88659 13 0.282192 18 0.282180 -8 0.72 1.9 608 11 
FGL40 edge 0.03775 37 0.00139 12 1.46719 1.88669 13 0.282198 18 0.282184 -9 0.72 1.9 549 8 
FGL40 edge 0.02822 29 0.00095 8 1.46720 1.88675 15 0.282205 20 0.282195 -8 0.72 1.8 582 8 
FGL40 edge 0.01503 17 0.00050 5 1.46717 1.88669 12 0.282203 17 0.282198 -8 0.72 1.8 580 11 
FGL40 edge 0.03427 29 0.00121 8 1.46716 1.88670 11 0.282246 17 0.282233 -7 0.72 1.8 579 16 
FGL40 edge 0.01826 22 0.00062 7 1.46719 1.88677 13 0.282234 17 0.282227 -7 0.72 1.8 583 9 
FGL40 manlte 0.03421 36 0.00124 10 1.46721 1.88680 14 0.282213 15 0.282200 -8 0.72 1.8 558 8 
FGL40 mantle 0.02076 17 0.00076 5 1.46716 1.88675 13 0.282196 18 0.282188 -8 0.72 1.9 583 9 
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FGL6 centre 0.04315 54 0.00157 17 1.46716 1.88618 15 0.282213 16 0.282196 -7 0.72 1.8 603 9 
FGL6 centre 0.02705 26 0.00100 8 1.46721 1.88644 13 0.282205 15 0.282193 -7 0.72 1.8 610 9 
FGL6 centre 0.03793 31 0.00141 9 1.46723 1.88663 15 0.282229 15 0.282213 -7 0.72 1.8 597 9 
FGL6 centre 0.02758 25 0.00106 8 1.46721 1.88635 15 0.282195 15 0.282183 -8 0.72 1.9 605 9 
FGL6 centre 0.04488 46 0.00165 14 1.46719 1.88640 14 0.282212 16 0.282194 -8 0.72 1.8 577 9 
FGL6 centre 0.04181 37 0.00148 10 1.46718 1.88676 14 0.282208 17 0.282192 -8 0.72 1.9 580 9 
FGL6 centre 0.04047 36 0.00158 11 1.46719 1.88664 10 0.282217 20 0.282199 -7 0.72 1.8 617 17 
FGL6 centre 0.02811 23 0.00109 7 1.46719 1.88664 13 0.282217 20 0.282204 -7 0.72 1.8 610 15 
FGL6 centre 0.03177 34 0.00118 11 1.46720 1.88649 14 0.282227 16 0.282213 -6 0.72 1.8 625 9 
FGL6 centre 0.01618 18 0.00065 6 1.46721 1.88642 15 0.282224 15 0.282216 -6 0.72 1.8 619 9 
FGL6 centre 0.02315 31 0.00086 11 1.46719 1.88660 14 0.282225 17 0.282216 -7 0.72 1.8 569 15 
FGL6 centre 0.03434 40 0.00126 13 1.46717 1.88625 16 0.282235 17 0.282220 -6 0.72 1.8 627 10 
FGL6 edge 0.02892 27 0.00110 8 1.46721 1.88646 13 0.282219 16 0.282207 -8 0.72 1.8 569 9 
FGL6 resorbed 0.03322 28 0.00124 8 1.46720 1.88622 14 0.282220 16 0.282205 -6 0.72 1.8 642 10 
FGL6 resorbed 0.02639 22 0.00097 6 1.46717 1.88659 14 0.282223 15 0.282211 -6 0.72 1.8 628 10 
                 
FSV1 centre 0.03780 45 0.00139 15 1.46720 1.88682 11 0.282035 23 0.282020 -14 0.71 2.2 579 15 
FSV1 centre 0.03866 33 0.00147 10 1.46718 1.88665 13 0.282120 16 0.282104 -11 0.72 2.0 580 8 
FSV1 centre 0.03525 50 0.00136 18 1.46715 1.88683 18 0.282134 15 0.282118 -10 0.72 2.0 610 9 
FSV1 edge 0.00566 6 0.00020 2 1.46720 1.88704 14 0.282136 15 0.282134 -10 0.72 2.0 590 9 
FSV1 centre 0.02196 25 0.00082 8 1.46722 1.88661 13 0.282216 16 0.282207 -8 0.72 1.8 578 10 
FSV1 edge 0.02822 38 0.00109 13 1.46722 1.88619 14 0.282201 17 0.282189 -8 0.72 1.9 578 11 
FSV1 centre 0.02376 28 0.00086 10 1.46721 1.88698 17 0.282182 15 0.282172 -8 0.72 1.9 599 10 
FSV1 edge 0.03816 35 0.00139 11 1.46714 1.88653 14 0.282190 18 0.282175 -9 0.72 1.9 575 9 
FSV1 centre 0.02974 28 0.00110 8 1.46723 1.88673 13 0.282135 20 0.282123 -11 0.72 2.0 578 8 
FSV1 centre 0.03210 37 0.00116 12 1.46721 1.88674 13 0.282191 15 0.282179 -9 0.72 1.9 576 8 
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FSV1 centre 0.00351 3 0.00013 1 1.46723 1.88660 15 0.282134 20 0.282132 -10 0.72 2.0 585 9 
FSV1 centre 0.07204 67 0.00275 21 1.46726 1.88655 11 0.282163 19 0.282133 -10 0.72 2.0 581 10 
FSV1 centre 0.02290 24 0.00086 8 1.46717 1.88643 15 0.282182 15 0.282172 -9 0.72 1.9 585 11 
FSV1 centre 0.01470 14 0.00058 4 1.46723 1.88639 16 0.282189 18 0.282182 -8 0.72 1.9 609 9 
FSV1 edge 0.02281 21 0.00085 6 1.46721 1.88661 13 0.282164 16 0.282154 -9 0.72 1.9 590 12 
FSV1 centre 0.01480 14 0.00056 5 1.46722 1.88652 16 0.282174 17 0.282168 -9 0.72 1.9 594 15 
FSV1 centre 0.02677 25 0.00101 8 1.46721 1.88680 14 0.282234 18 0.282223 -7 0.72 1.8 574 9 
FSV1 centre 0.02575 24 0.00099 8 1.46719 1.88630 12 0.282151 21 0.282140 -9 0.72 1.9 599 10 
FSV1 centre 0.04555 54 0.00179 19 1.46727 1.88594 11 0.282143 18 0.282123 -10 0.72 2.0 585 15 
FSV1 centre 0.02370 21 0.00088 6 1.46727 1.88594 16 0.282205 11 0.282195 -8 0.72 1.8 575 8 
FSV1 centre 0.01927 39 0.00074 13 1.46720 1.88661 15 0.282162 19 0.282154 -9 0.72 1.9 613 11 
FSV1 edge 0.01023 9 0.00035 3 1.46722 1.88653 14 0.282167 13 0.282163 -9 0.72 1.9 579 8 
FSV1 centre 0.02145 21 0.00080 7 1.46717 1.88600 13 0.282218 18 0.282209 -7 0.72 1.8 588 9 
FSV1 centre 0.02263 29 0.00081 10 1.46718 1.88614 15 0.282187 15 0.282178 -9 0.72 1.9 580 9 
FSV1 centre 0.03473 33 0.00129 10 1.46722 1.88634 12 0.282187 20 0.282173 -8 0.72 1.9 600 10 
                 
FSV10 centre 0.03989 37 0.00137 11 1.46717 1.88597 13 0.282142 16 0.282126 -10 0.72 2.0 608 10 
FSV10 centre 0.04605 49 0.00154 15 1.46721 1.88639 14 0.282154 16 0.282137 -10 0.72 2.0 582 9 
FSV10 centre 0.03077 33 0.00106 9 1.46721 1.88684 14 0.282171 19 0.282159 -9 0.72 1.9 600 14 
FSV10 centre 0.09137 77 0.00296 19 1.46722 1.88674 16 0.282059 17 0.282026 -14 0.71 2.2 595 9 
FSV10 centre 0.05037 50 0.00166 14 1.46724 1.88626 16 0.282102 17 0.282083 -11 0.72 2.0 611 10 
FSV10 centre 0.02580 26 0.00085 7 1.46723 1.88615 12 0.282069 21 0.282059 -12 0.71 2.1 596 11 
FSV10 centre 0.04629 40 0.00155 11 1.46722 1.88615 16 0.282142 13 0.282124 -10 0.72 2.0 595 10 
FSV10 centre 0.03970 32 0.00134 8 1.46727 1.88563 18 0.282120 18 0.282104 -10 0.72 2.0 630 11 
FSV10 centre 0.06151 57 0.00208 16 1.46718 1.88655 16 0.282080 20 0.282057 -13 0.71 2.1 593 10 
FSV10 edge 0.03748 34 0.00126 9 1.46721 1.88658 13 0.282128 19 0.282114 -10 0.72 2.0 611 9 
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FSV10 edge 0.03928 32 0.00133 8 1.46727 1.88619 19 0.282102 16 0.282086 -11 0.72 2.0 626 15 
FSV10 resorbed 0.09025 78 0.00283 20 1.46719 1.88668 22 0.281992 15 0.281957 -15 0.71 2.3 659 11 
FSV10 resorbed 0.04592 38 0.00152 10 1.46725 1.88622 14 0.282133 16 0.282114 -9 0.72 2.0 650 10 
                 
FSV35 centre 0.02519 22 0.00095 6 1.46722 1.88628 11 0.282215 18 0.282204 -7 0.72 1.8 625 10 
FSV35 centre 0.03044 26 0.00114 7 1.46715 1.88631 12 0.282189 17 0.282175 -8 0.72 1.9 625 11 
FSV35 centre 0.03699 36 0.00135 11 1.46727 1.88664 11 0.282186 23 0.282171 -8 0.72 1.9 601 10 
FSV35 edge 0.01958 22 0.00073 7 1.46720 1.88636 13 0.282198 19 0.282190 -8 0.72 1.8 600 16 
FSV35 centre 0.01363 27 0.00043 8 1.46721 1.88665 13 0.282171 15 0.282166 -9 0.72 1.9 600 9 
FSV35 edge 0.01579 13 0.00067 4 1.46719 1.88667 13 0.282180 16 0.282172 -8 0.72 1.9 628 15 
FSV35 centre 0.02843 23 0.00105 7 1.46718 1.88649 12 0.282204 19 0.282193 -8 0.72 1.8 583 9 
FSV35 centre 0.03639 33 0.00133 10 1.46719 1.88636 11 0.282184 19 0.282169 -8 0.72 1.9 608 11 
FSV35 centre 0.02439 23 0.00092 7 1.46715 1.88658 13 0.282189 18 0.282179 -8 0.72 1.9 598 10 
FSV35 centre 0.01866 18 0.00075 6 1.46717 1.88603 14 0.282200 15 0.282191 -7 0.72 1.8 632 10 
FSV35 centre 0.02916 31 0.00108 9 1.46719 1.88654 12 0.282205 18 0.282192 -7 0.72 1.8 629 10 
FSV35 centre 0.02188 18 0.00081 5 1.46718 1.88651 12 0.282203 22 0.282194 -7 0.72 1.8 606 11 
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Table 6. Lu-Hf standard zircon isotopes; High-precision LA-MC-ICP-MS U-Pb standards dates; (a) 176Yb/177Hf = (176Yb/173Yb)true x 
(173Yb/177Hf)meas x (M173(Yb)/M177(Hf))b(Hf), b(Hf) = ln(179Hf/177Hf true / 179Hf/177Hfmeas )/ ln (M179(Hf)/M177(Hf) ), M=mass of respective 
isotope. The 176Lu/177Hf were calculated in a similar way by using the 175Lu/177Hf and b(Yb); (b) Mean Hf signal in volt; (c) Uncertainties are 
quadratic additions of the within-run precision and the daily reproducibility of the zircon standards; (d) Initial 176Hf/177Hf and εHf calculated using 
the 206Pb/238U age determined by LA-ICP-MS dating (see column s), and the CHUR parameters: 176Lu/177Hf = 0.0336, and 176Hf/177Hf = 0.282785 
(Bouvier et al., 2008); (e) Two stage "maximum" model age in billion years using the measured 176Lu/177Hf of each spot, the value of 176Lu/177Hf 
= 0.0113 (mean of average of continental crust (Taylor and McLennan, 1995); (f) 206Pb/238U age determined by LA-SF-ICP-MS dating.  
Standard 








176Hf/177Hf ±2s c 









Mud Tank 0.00116 1.0 0.00003 0.19 1.46724 1.88666 7 0.282519 20 0.282519 7 0.72 1.0 732 1 
Mud Tank 0.00103 0.9 0.00003 0.17 1.46723 1.88664 7 0.282515 21 0.282514 7 0.72 1.0 732 1 
Mud Tank 0.00116 1.0 0.00003 0.19 1.46718 1.88620 8 0.282542 20 0.282541 8 0.72 0.9 732 1 
Mud Tank 0.00107 1.1 0.00003 0.18 1.46716 1.88645 8 0.282525 21 0.282525 7 0.72 1.0 732 1 
Mud Tank 0.00117 1.0 0.00003 0.22 1.46729 1.88639 8 0.282530 22 0.282530 7 0.72 0.9 732 1 
Mud Tank 0.00100 0.8 0.00003 0.18 1.46718 1.88656 8 0.282507 22 0.282506 7 0.72 1.0 732 1 
Mud Tank 0.00093 0.8 0.00003 0.16 1.46724 1.88659 9 0.282553 21 0.282553 8 0.72 0.9 732 1 
Mud Tank 0.00103 0.8 0.00003 0.18 1.46719 1.88625 11 0.282520 18 0.282520 7 0.72 1.0 732 1 
Mud Tank 0.00099 0.8 0.00003 0.16 1.46726 1.88631 11 0.282517 18 0.282516 7 0.72 1.0 732 1 
Mud Tank 0.00116 0.9 0.00003 0.20 1.46720 1.88658 9 0.282511 20 0.282511 7 0.72 1.0 732 1 
Mud Tank 0.00121 1.0 0.00003 0.21 1.46717 1.88631 9 0.282523 21 0.282523 7 0.72 1.0 732 1 
Mud Tank 0.00118 1.0 0.00003 0.20 1.46723 1.88634 9 0.282525 19 0.282524 7 0.72 1.0 732 1 
Mud Tank 0.00107 1.0 0.00003 0.18 1.46720 1.88646 10 0.282514 19 0.282513 7 0.72 1.0 732 1 
Mud Tank 0.00101 0.8 0.00003 0.17 1.46730 1.88642 9 0.282512 20 0.282512 7 0.72 1.0 732 1 
Mud Tank 0.00100 0.8 0.00003 0.17 1.46719 1.88655 9 0.282524 19 0.282524 7 0.72 1.0 732 1 
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176Hf/177Hf ±2s c 





age (Ma) f ±2s September 
29th, 2015 
Mud Tank 0.00096 0.8 0.00003 0.17 1.46725 1.88641 14 0.282508 17 0.282507 7 0.72 1.0 732 1 
Mud Tank 0.00111 0.9 0.00003 0.20 1.46724 1.88645 13 0.282515 16 0.282515 7 0.72 1.0 732 1 
Mud Tank 0.00101 0.8 0.00003 0.18 1.46720 1.88644 14 0.282521 14 0.282520 7 0.72 1.0 732 1 
Mud Tank 0.00138 4.0 0.00003 0.41 1.46725 1.88620 13 0.282507 15 0.282506 7 0.72 1.0 732 1 
Mud Tank 0.00098 0.8 0.00003 0.17 1.46723 1.88629 13 0.282527 15 0.282527 7 0.72 0.9 732 1 
Mud Tank 0.00109 0.9 0.00003 0.19 1.46723 1.88623 13 0.282511 19 0.282511 7 0.72 1.0 732 1 
Mud Tank 0.00104 0.8 0.00003 0.19 1.46725 1.88613 14 0.282522 18 0.282521 7 0.72 1.0 732 1 
Mud Tank 0.00114 0.9 0.00003 0.20 1.46726 1.88620 14 0.282534 18 0.282533 7 0.72 0.9 732 1 
Mud Tank 0.00113 0.9 0.00003 0.20 1.46724 1.88652 13 0.282521 15 0.282520 7 0.72 1.0 732 1 
Mud Tank 0.00103 0.8 0.00003 0.19 1.46725 1.88636 13 0.282532 14 0.282532 7 0.72 0.9 732 1 
Mud Tank 0.00100 0.8 0.00003 0.18 1.46725 1.88631 13 0.282538 20 0.282537 8 0.72 0.9 732 1 
Mud Tank 0.00139 4.2 0.00004 0.35 1.46724 1.88630 12 0.282505 16 0.282505 6 0.72 1.0 732 1 
Mud Tank 0.00104 0.8 0.00003 0.19 1.46722 1.88626 13 0.282513 14 0.282513 7 0.72 1.0 732 1 
Mud Tank 0.00112 0.9 0.00003 0.20 1.46723 1.88612 13 0.282521 21 0.282520 7 0.72 1.0 732 1 
Mud Tank 0.00111 0.9 0.00003 0.20 1.46722 1.88589 14 0.282518 22 0.282517 7 0.72 1.0 732 1 
Mud Tank 0.00108 0.9 0.00003 0.19 1.46720 1.88618 14 0.282537 14 0.282537 8 0.72 0.9 732 1 
Mud Tank 0.00115 0.9 0.00003 0.20 1.46728 1.88615 16 0.282509 16 0.282509 7 0.72 1.0 732 1 
Mud Tank 0.00098 0.8 0.00003 0.18 1.46728 1.88623 16 0.282516 14 0.282516 7 0.72 1.0 732 1 
Mud Tank 0.00105 0.8 0.00003 0.19 1.46725 1.88631 16 0.282532 12 0.282532 7 0.72 0.9 732 1 
Mud Tank 0.00100 0.8 0.00003 0.17 1.46724 1.88594 18 0.282523 15 0.282522 7 0.72 1.0 732 1 
Mud Tank 0.00109 0.9 0.00003 0.19 1.46721 1.88593 15 0.282513 13 0.282513 7 0.72 1.0 732 1 
                
September 
30th, 2015                
Mud Tank 0.00125 2.8 0.00003 0.27 1.46727 1.88612 14 0.282524 16 0.282523 7 0.72 1.0 732 1 
Mud Tank 0.00109 0.9 0.00003 0.19 1.46725 1.88621 14 0.282511 16 0.282511 7 0.72 1.0 732 1 
Mud Tank 0.00114 0.9 0.00003 0.20 1.46722 1.88593 14 0.282525 17 0.282524 7 0.72 1.0 732 1 
Mud Tank 0.00120 1.3 0.00003 0.21 1.46721 1.88600 14 0.282516 18 0.282515 7 0.72 1.0 732 1 
Mud Tank 0.00120 1.4 0.00003 0.21 1.46722 1.88613 15 0.282522 14 0.282522 7 0.72 1.0 732 1 
Mud Tank 0.00132 1.1 0.00004 0.25 1.46720 1.88622 13 0.282513 16 0.282512 7 0.72 1.0 732 1 
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Mud Tank 0.00132 1.1 0.00004 0.25 1.46725 1.88632 13 0.282528 19 0.282528 7 0.72 0.9 732 1 
Mud Tank 0.00107 0.9 0.00003 0.19 1.46726 1.88633 13 0.282509 18 0.282509 7 0.72 1.0 732 1 
Mud Tank 0.00107 0.9 0.00003 0.19 1.46720 1.88636 15 0.282521 16 0.282521 7 0.72 1.0 732 1 
Mud Tank 0.00097 0.8 0.00003 0.17 1.46719 1.88635 13 0.282516 19 0.282516 7 0.72 1.0 732 1 
Mud Tank 0.00094 0.8 0.00003 0.17 1.46722 1.88640 13 0.282523 16 0.282522 7 0.72 1.0 732 1 
Mud Tank 0.00105 0.9 0.00003 0.18 1.46722 1.88629 13 0.282520 14 0.282520 7 0.72 1.0 732 1 
Mud Tank 0.00095 0.8 0.00003 0.17 1.46728 1.88610 14 0.282515 15 0.282515 7 0.72 1.0 732 1 
Mud Tank 0.00104 0.9 0.00003 0.18 1.46723 1.88617 16 0.282512 15 0.282512 7 0.72 1.0 732 1 
Mud Tank 0.00130 1.1 0.00004 0.24 1.46719 1.88618 15 0.282532 15 0.282532 7 0.72 0.9 732 1 
Mud Tank 0.00122 1.0 0.00004 0.22 1.46724 1.88643 15 0.282499 14 0.282499 6 0.72 1.0 732 1 
Mud Tank 0.00123 1.1 0.00004 0.22 1.46720 1.88626 16 0.282519 17 0.282519 7 0.72 1.0 732 1 
Mud Tank 0.00115 0.9 0.00003 0.21 1.46719 1.88631 13 0.282509 16 0.282509 7 0.72 1.0 732 1 
Mud Tank 0.00125 1.0 0.00004 0.22 1.46720 1.88626 13 0.282521 18 0.282520 7 0.72 1.0 732 1 
Mud Tank 0.00115 0.9 0.00003 0.20 1.46721 1.88639 14 0.282492 16 0.282492 6 0.72 1.0 732 1 
Mud Tank 0.00099 0.8 0.00003 0.17 1.46727 1.88638 13 0.282531 18 0.282530 7 0.72 0.9 732 1 
Mud Tank 0.00103 0.8 0.00003 0.17 1.46726 1.88665 13 0.282508 15 0.282507 7 0.72 1.0 732 1 
Mud Tank 0.00100 0.8 0.00003 0.17 1.46723 1.88648 13 0.282530 14 0.282529 7 0.72 0.9 732 1 
Mud Tank 0.00106 1.3 0.00003 0.19 1.46720 1.88656 11 0.282512 16 0.282512 7 0.72 1.0 732 1 
Mud Tank 0.00100 0.8 0.00003 0.18 1.46723 1.88615 13 0.282527 17 0.282527 7 0.72 0.9 732 1 
Mud Tank 0.00114 0.9 0.00003 0.20 1.46725 1.88651 12 0.282514 15 0.282514 7 0.72 1.0 732 1 
Mud Tank 0.00111 1.0 0.00003 0.20 1.46726 1.88644 13 0.282512 16 0.282512 7 0.72 1.0 732 1 
Mud Tank 0.00109 0.9 0.00003 0.19 1.46724 1.88652 12 0.282517 16 0.282517 7 0.72 1.0 732 1 
Mud Tank 0.00109 0.9 0.00003 0.18 1.46725 1.88643 13 0.282522 18 0.282521 7 0.72 1.0 732 1 
Mud Tank 0.00105 0.9 0.00003 0.18 1.46722 1.88631 13 0.282512 18 0.282511 7 0.72 1.0 732 1 
                
October 
2nd, 2015                
Mud Tank 0.00128 1.0 0.00003 0.20 1.46724 1.88617 12 0.282521 16 0.282520 7 0.72 1.0 732 1 
Mud Tank 0.00120 1.0 0.00003 0.19 1.46719 1.88630 12 0.282489 21 0.282488 6 0.72 1.0 732 1 
Mud Tank 0.00122 1.0 0.00003 0.20 1.46724 1.88593 12 0.282517 16 0.282517 7 0.72 1.0 732 1 
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Mud Tank 0.00132 1.1 0.00004 0.25 1.46725 1.88632 13 0.282528 19 0.282528 7 0.72 0.9 732 1 
Mud Tank 0.00107 0.9 0.00003 0.19 1.46726 1.88633 13 0.282509 18 0.282509 7 0.72 1.0 732 1 
Mud Tank 0.00107 0.9 0.00003 0.19 1.46720 1.88636 15 0.282521 16 0.282521 7 0.72 1.0 732 1 
Mud Tank 0.00097 0.8 0.00003 0.17 1.46719 1.88635 13 0.282516 19 0.282516 7 0.72 1.0 732 1 
Mud Tank 0.00094 0.8 0.00003 0.17 1.46722 1.88640 13 0.282523 16 0.282522 7 0.72 1.0 732 1 
Mud Tank 0.00105 0.9 0.00003 0.18 1.46722 1.88629 13 0.282520 14 0.282520 7 0.72 1.0 732 1 
Mud Tank 0.00095 0.8 0.00003 0.17 1.46728 1.88610 14 0.282515 15 0.282515 7 0.72 1.0 732 1 
Mud Tank 0.00104 0.9 0.00003 0.18 1.46723 1.88617 16 0.282512 15 0.282512 7 0.72 1.0 732 1 
Mud Tank 0.00130 1.1 0.00004 0.24 1.46719 1.88618 15 0.282532 15 0.282532 7 0.72 0.9 732 1 
Mud Tank 0.00122 1.0 0.00004 0.22 1.46724 1.88643 15 0.282499 14 0.282499 6 0.72 1.0 732 1 
Mud Tank 0.00123 1.1 0.00004 0.22 1.46720 1.88626 16 0.282519 17 0.282519 7 0.72 1.0 732 1 
Mud Tank 0.00115 0.9 0.00003 0.21 1.46719 1.88631 13 0.282509 16 0.282509 7 0.72 1.0 732 1 
Mud Tank 0.00125 1.0 0.00004 0.22 1.46720 1.88626 13 0.282521 18 0.282520 7 0.72 1.0 732 1 
Mud Tank 0.00115 0.9 0.00003 0.20 1.46721 1.88639 14 0.282492 16 0.282492 6 0.72 1.0 732 1 
Mud Tank 0.00099 0.8 0.00003 0.17 1.46727 1.88638 13 0.282531 18 0.282530 7 0.72 0.9 732 1 
Mud Tank 0.00103 0.8 0.00003 0.17 1.46726 1.88665 13 0.282508 15 0.282507 7 0.72 1.0 732 1 
Mud Tank 0.00100 0.8 0.00003 0.17 1.46723 1.88648 13 0.282530 14 0.282529 7 0.72 0.9 732 1 
Mud Tank 0.00106 1.3 0.00003 0.19 1.46720 1.88656 11 0.282512 16 0.282512 7 0.72 1.0 732 1 
Mud Tank 0.00100 0.8 0.00003 0.18 1.46723 1.88615 13 0.282527 17 0.282527 7 0.72 0.9 732 1 
Mud Tank 0.00114 0.9 0.00003 0.20 1.46725 1.88651 12 0.282514 15 0.282514 7 0.72 1.0 732 1 
Mud Tank 0.00111 1.0 0.00003 0.20 1.46726 1.88644 13 0.282512 16 0.282512 7 0.72 1.0 732 1 
Mud Tank 0.00109 0.9 0.00003 0.19 1.46724 1.88652 12 0.282517 16 0.282517 7 0.72 1.0 732 1 
Mud Tank 0.00109 0.9 0.00003 0.18 1.46725 1.88643 13 0.282522 18 0.282521 7 0.72 1.0 732 1 
Mud Tank 0.00105 0.9 0.00003 0.18 1.46722 1.88631 13 0.282512 18 0.282511 7 0.72 1.0 732 1 
                
October 
2nd, 2015                
Mud Tank 0.00128 1.0 0.00003 0.20 1.46724 1.88617 12 0.282521 16 0.282520 7 0.72 1.0 732 1 
Mud Tank 0.00120 1.0 0.00003 0.19 1.46719 1.88630 12 0.282489 21 0.282488 6 0.72 1.0 732 1 
Mud Tank 0.00122 1.0 0.00003 0.20 1.46724 1.88593 12 0.282517 16 0.282517 7 0.72 1.0 732 1 
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Mud Tank 0.00118 1.0 0.00003 0.18 1.46721 1.88603 13 0.282532 17 0.282532 7 0.72 0.9 732 1 
Mud Tank 0.00118 1.0 0.00003 0.18 1.46721 1.88603 13 0.282532 17 0.282532 7 0.72 0.9 732 1 
Mud Tank 0.00117 1.0 0.00003 0.18 1.46722 1.88584 14 0.282521 24 0.282520 7 0.72 1.0 732 1 
Mud Tank 0.00125 1.0 0.00003 0.20 1.46727 1.88614 13 0.282521 18 0.282521 7 0.72 1.0 732 1 
Mud Tank 0.00128 1.1 0.00003 0.21 1.46719 1.88641 13 0.282531 17 0.282530 7 0.72 0.9 732 1 
Mud Tank 0.00108 0.9 0.00003 0.17 1.46717 1.88596 15 0.282517 15 0.282517 7 0.72 1.0 732 1 
Mud Tank 0.00108 0.9 0.00003 0.17 1.46725 1.88626 15 0.282530 16 0.282530 7 0.72 0.9 732 1 
Mud Tank 0.00133 1.2 0.00003 0.21 1.46727 1.88615 15 0.282531 16 0.282531 7 0.72 0.9 732 1 
Mud Tank 0.00110 0.9 0.00003 0.17 1.46719 1.88635 13 0.282533 19 0.282533 7 0.72 0.9 732 1 
Mud Tank 0.00125 1.1 0.00003 0.18 1.46726 1.88622 13 0.282521 18 0.282521 7 0.72 1.0 732 1 
Mud Tank 0.00117 1.0 0.00003 0.18 1.46719 1.88618 13 0.282523 16 0.282523 7 0.72 1.0 732 1 
Mud Tank 0.00125 1.0 0.00003 0.20 1.46727 1.88633 14 0.282521 16 0.282521 7 0.72 1.0 732 1 
Mud Tank 0.00113 0.9 0.00003 0.18 1.46721 1.88643 15 0.282518 15 0.282517 7 0.72 1.0 732 1 
Mud Tank 0.00114 0.9 0.00003 0.18 1.46723 1.88625 15 0.282514 17 0.282514 7 0.72 1.0 732 1 
Mud Tank 0.00124 1.1 0.00003 0.19 1.46724 1.88631 15 0.282509 16 0.282509 7 0.72 1.0 732 1 
Mud Tank 0.00107 0.9 0.00003 0.17 1.46722 1.88629 14 0.282515 16 0.282515 7 0.72 1.0 732 1 
Mud Tank 0.00108 0.9 0.00003 0.17 1.46723 1.88645 15 0.282536 15 0.282536 8 0.72 0.9 732 1 
Mud Tank 0.00106 0.9 0.00003 0.17 1.46721 1.88627 15 0.282536 17 0.282535 8 0.72 0.9 732 1 
Mud Tank 0.00116 0.9 0.00003 0.18 1.46719 1.88619 14 0.282523 20 0.282522 7 0.72 1.0 732 1 
Mud Tank 0.00110 0.9 0.00003 0.17 1.46717 1.88630 14 0.282513 17 0.282512 7 0.72 1.0 732 1 
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91500 0.01197 10.5 0.00043 2.60 1.46723 1.88609 4 0.282321 34 0.282312 7 0.72 1.2 1065 1 
91500 0.01120 9.0 0.00042 2.54 1.46725 1.88649 4 0.282321 33 0.282312 7 0.72 1.2 1065 1 
91500 0.01114 9.0 0.00042 2.52 1.46724 1.88609 5 0.282339 32 0.282330 8 0.72 1.2 1065 1 
91500 0.01232 9.9 0.00045 2.74 1.46715 1.88616 5 0.282300 29 0.282291 6 0.72 1.3 1065 1 
91500 0.01218 9.8 0.00046 2.75 1.46718 1.88619 5 0.282319 31 0.282310 7 0.72 1.2 1065 1 
91500 0.01288 10.8 0.00047 2.93 1.46722 1.88605 5 0.282312 24 0.282302 7 0.72 1.2 1065 1 
91500 0.01161 9.4 0.00043 2.59 1.46726 1.88629 5 0.282310 26 0.282302 7 0.72 1.2 1065 1 
91500 0.01151 9.2 0.00043 2.59 1.46721 1.88622 6 0.282271 31 0.282262 5 0.72 1.3 1065 1 
91500 0.01246 10.0 0.00047 2.84 1.46723 1.88587 5 0.282316 27 0.282307 7 0.72 1.2 1065 1 
91500 0.01210 9.7 0.00046 2.78 1.46724 1.88635 5 0.282321 26 0.282312 7 0.72 1.2 1065 1 
91500 0.01095 8.8 0.00041 2.46 1.46718 1.88627 5 0.282296 29 0.282288 6 0.72 1.3 1065 1 
91500 0.01118 9.0 0.00042 2.52 1.46714 1.88637 5 0.282313 21 0.282305 7 0.72 1.2 1065 1 
                
September 
29th, 2015                
91500 0.01191 9.6 0.00045 2.74 1.46719 1.88629 7 0.282302 25 0.282293 6 0.72 1.3 1065 1 
91500 0.01122 9.0 0.00042 2.59 1.46723 1.88611 7 0.282354 28 0.282346 8 0.72 1.2 1065 1 
91500 0.01157 9.3 0.00043 2.63 1.46720 1.88587 8 0.282332 19 0.282324 8 0.72 1.2 1065 1 
91500 0.01475 26.3 0.00047 2.93 1.46723 1.88621 7 0.282307 22 0.282298 7 0.72 1.3 1065 1 
91500 0.01254 10.1 0.00046 2.75 1.46726 1.88653 7 0.282302 22 0.282292 6 0.72 1.3 1065 1 
91500 0.01238 10.0 0.00046 2.76 1.46716 1.88640 6 0.282314 23 0.282305 7 0.72 1.2 1065 1 
91500 0.01331 11.3 0.00049 3.20 1.46718 1.88609 7 0.282356 17 0.282346 8 0.72 1.2 1065 1 
91500 0.01350 11.1 0.00050 3.18 1.46722 1.88620 7 0.282345 22 0.282335 8 0.72 1.2 1065 1 
91500 0.01415 11.5 0.00052 3.28 1.46725 1.88605 8 0.282321 25 0.282311 7 0.72 1.2 1065 1 
91500 0.01418 12.3 0.00051 3.19 1.46723 1.88602 7 0.282304 27 0.282294 7 0.72 1.3 1065 1 
91500 0.01116 9.0 0.00042 2.52 1.46723 1.88603 8 0.282315 25 0.282307 7 0.72 1.2 1065 1 
91500 0.01124 9.1 0.00042 2.54 1.46724 1.88626 8 0.282340 20 0.282331 8 0.72 1.2 1065 1 
91500 0.01138 9.1 0.00042 2.55 1.46726 1.88625 8 0.282312 21 0.282303 7 0.72 1.2 1065 1 
91500 0.01272 10.2 0.00045 2.74 1.46726 1.88626 7 0.282321 23 0.282312 7 0.72 1.2 1065 1 
91500 0.01211 9.8 0.00045 2.71 1.46727 1.88635 7 0.282317 25 0.282309 7 0.72 1.2 1065 1 
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91500 0.01197 10.5 0.00043 2.60 1.46723 1.88609 4 0.282321 34 0.282312 7 0.72 1.2 1065 1 
91500 0.01120 9.0 0.00042 2.54 1.46725 1.88649 4 0.282321 33 0.282312 7 0.72 1.2 1065 1 
91500 0.01114 9.0 0.00042 2.52 1.46724 1.88609 5 0.282339 32 0.282330 8 0.72 1.2 1065 1 
91500 0.01232 9.9 0.00045 2.74 1.46715 1.88616 5 0.282300 29 0.282291 6 0.72 1.3 1065 1 
91500 0.01218 9.8 0.00046 2.75 1.46718 1.88619 5 0.282319 31 0.282310 7 0.72 1.2 1065 1 
91500 0.01288 10.8 0.00047 2.93 1.46722 1.88605 5 0.282312 24 0.282302 7 0.72 1.2 1065 1 
91500 0.01161 9.4 0.00043 2.59 1.46726 1.88629 5 0.282310 26 0.282302 7 0.72 1.2 1065 1 
91500 0.01151 9.2 0.00043 2.59 1.46721 1.88622 6 0.282271 31 0.282262 5 0.72 1.3 1065 1 
91500 0.01246 10.0 0.00047 2.84 1.46723 1.88587 5 0.282316 27 0.282307 7 0.72 1.2 1065 1 
91500 0.01210 9.7 0.00046 2.78 1.46724 1.88635 5 0.282321 26 0.282312 7 0.72 1.2 1065 1 
91500 0.01095 8.8 0.00041 2.46 1.46718 1.88627 5 0.282296 29 0.282288 6 0.72 1.3 1065 1 
91500 0.01118 9.0 0.00042 2.52 1.46714 1.88637 5 0.282313 21 0.282305 7 0.72 1.2 1065 1 
                
September 
29th, 2015                
91500 0.01191 9.6 0.00045 2.74 1.46719 1.88629 7 0.282302 25 0.282293 6 0.72 1.3 1065 1 
91500 0.01122 9.0 0.00042 2.59 1.46723 1.88611 7 0.282354 28 0.282346 8 0.72 1.2 1065 1 
91500 0.01157 9.3 0.00043 2.63 1.46720 1.88587 8 0.282332 19 0.282324 8 0.72 1.2 1065 1 
91500 0.01475 26.3 0.00047 2.93 1.46723 1.88621 7 0.282307 22 0.282298 7 0.72 1.3 1065 1 
91500 0.01254 10.1 0.00046 2.75 1.46726 1.88653 7 0.282302 22 0.282292 6 0.72 1.3 1065 1 
91500 0.01238 10.0 0.00046 2.76 1.46716 1.88640 6 0.282314 23 0.282305 7 0.72 1.2 1065 1 
91500 0.01331 11.3 0.00049 3.20 1.46718 1.88609 7 0.282356 17 0.282346 8 0.72 1.2 1065 1 
91500 0.01350 11.1 0.00050 3.18 1.46722 1.88620 7 0.282345 22 0.282335 8 0.72 1.2 1065 1 
91500 0.01415 11.5 0.00052 3.28 1.46725 1.88605 8 0.282321 25 0.282311 7 0.72 1.2 1065 1 
91500 0.01418 12.3 0.00051 3.19 1.46723 1.88602 7 0.282304 27 0.282294 7 0.72 1.3 1065 1 
91500 0.01116 9.0 0.00042 2.52 1.46723 1.88603 8 0.282315 25 0.282307 7 0.72 1.2 1065 1 
91500 0.01124 9.1 0.00042 2.54 1.46724 1.88626 8 0.282340 20 0.282331 8 0.72 1.2 1065 1 
91500 0.01138 9.1 0.00042 2.55 1.46726 1.88625 8 0.282312 21 0.282303 7 0.72 1.2 1065 1 
91500 0.01272 10.2 0.00045 2.74 1.46726 1.88626 7 0.282321 23 0.282312 7 0.72 1.2 1065 1 
91500 0.01211 9.8 0.00045 2.71 1.46727 1.88635 7 0.282317 25 0.282309 7 0.72 1.2 1065 1 
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91500 0.01176 9.5 0.00044 2.63 1.46726 1.88632 7 0.282310 26 0.282302 7 0.72 1.2 1065 1 
91500 0.01298 10.5 0.00045 2.72 1.46723 1.88627 8 0.282320 27 0.282311 7 0.72 1.2 1065 1 
91500 0.01208 9.7 0.00046 2.76 1.46729 1.88595 7 0.282346 22 0.282337 8 0.72 1.2 1065 1 
91500 0.01398 11.3 0.00052 3.26 1.46719 1.88607 8 0.282335 24 0.282324 8 0.72 1.2 1065 1 
91500 0.01357 11.0 0.00051 3.17 1.46721 1.88597 8 0.282318 20 0.282308 7 0.72 1.2 1065 1 
91500 0.01275 10.3 0.00047 2.91 1.46719 1.88595 9 0.282291 32 0.282282 6 0.72 1.3 1065 1 
                
September 
30th, 2015                
91500 0.00722 5.9 0.00027 1.65 1.46721 1.88622 10 0.282291 19 0.282286 6 0.72 1.3 1065 1 
91500 0.00930 7.5 0.00035 2.09 1.46718 1.88640 10 0.282322 19 0.282315 7 0.72 1.2 1065 1 
91500 0.00946 7.6 0.00035 2.12 1.46724 1.88613 10 0.282323 25 0.282316 7 0.72 1.2 1065 1 
91500 0.01288 10.4 0.00047 2.92 1.46724 1.88628 7 0.282304 21 0.282295 7 0.72 1.3 1065 1 
91500 0.01160 9.4 0.00042 2.61 1.46720 1.88641 7 0.282318 22 0.282310 7 0.72 1.2 1065 1 
91500 0.01392 11.3 0.00051 3.22 1.46721 1.88616 7 0.282329 22 0.282319 7 0.72 1.2 1065 1 
91500 0.01129 9.1 0.00042 2.53 1.46724 1.88627 8 0.282317 21 0.282308 7 0.72 1.2 1065 1 
91500 0.01164 9.8 0.00043 2.75 1.46718 1.88600 9 0.282316 19 0.282307 7 0.72 1.2 1065 1 
91500 0.00479 4.0 0.00018 1.10 1.46719 1.88615 8 0.282294 22 0.282290 6 0.72 1.3 1065 1 
91500 0.01283 10.4 0.00047 2.91 1.46726 1.88600 8 0.282299 25 0.282289 6 0.72 1.3 1065 1 
91500 0.01230 9.9 0.00046 2.80 1.46718 1.88622 8 0.282284 23 0.282275 6 0.72 1.3 1065 1 
91500 0.01304 10.6 0.00049 3.07 1.46720 1.88605 7 0.282326 22 0.282317 7 0.72 1.2 1065 1 
91500 0.01198 9.6 0.00045 2.77 1.46716 1.88623 7 0.282301 28 0.282292 6 0.72 1.3 1065 1 
91500 0.01115 9.0 0.00042 2.60 1.46717 1.88641 7 0.282300 20 0.282291 6 0.72 1.3 1065 1 
91500 0.01104 8.9 0.00041 2.46 1.46718 1.88633 9 0.282304 20 0.282295 7 0.72 1.3 1065 1 
91500 0.01151 9.3 0.00042 2.53 1.46721 1.88628 9 0.282292 16 0.282284 6 0.72 1.3 1065 1 
91500 0.01153 9.2 0.00043 2.58 1.46719 1.88615 9 0.282303 18 0.282294 7 0.72 1.3 1065 1 
91500 0.01125 9.1 0.00042 2.54 1.46728 1.88635 8 0.282290 26 0.282281 6 0.72 1.3 1065 1 
91500 0.01134 9.1 0.00042 2.56 1.46725 1.88639 8 0.282291 25 0.282282 6 0.72 1.3 1065 1 
91500 0.01108 9.0 0.00041 2.50 1.46719 1.88604 8 0.282299 26 0.282291 6 0.72 1.3 1065 1 
91500 0.01324 10.8 0.00049 3.09 1.46721 1.88613 8 0.282312 23 0.282303 7 0.72 1.2 1065 1 
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91500 0.01176 9.5 0.00044 2.63 1.46726 1.88632 7 0.282310 26 0.282302 7 0.72 1.2 1065 1 
91500 0.01298 10.5 0.00045 2.72 1.46723 1.88627 8 0.282320 27 0.282311 7 0.72 1.2 1065 1 
91500 0.01208 9.7 0.00046 2.76 1.46729 1.88595 7 0.282346 22 0.282337 8 0.72 1.2 1065 1 
91500 0.01398 11.3 0.00052 3.26 1.46719 1.88607 8 0.282335 24 0.282324 8 0.72 1.2 1065 1 
91500 0.01357 11.0 0.00051 3.17 1.46721 1.88597 8 0.282318 20 0.282308 7 0.72 1.2 1065 1 
91500 0.01275 10.3 0.00047 2.91 1.46719 1.88595 9 0.282291 32 0.282282 6 0.72 1.3 1065 1 
                
September 
30th, 2015                
91500 0.00722 5.9 0.00027 1.65 1.46721 1.88622 10 0.282291 19 0.282286 6 0.72 1.3 1065 1 
91500 0.00930 7.5 0.00035 2.09 1.46718 1.88640 10 0.282322 19 0.282315 7 0.72 1.2 1065 1 
91500 0.00946 7.6 0.00035 2.12 1.46724 1.88613 10 0.282323 25 0.282316 7 0.72 1.2 1065 1 
91500 0.01288 10.4 0.00047 2.92 1.46724 1.88628 7 0.282304 21 0.282295 7 0.72 1.3 1065 1 
91500 0.01160 9.4 0.00042 2.61 1.46720 1.88641 7 0.282318 22 0.282310 7 0.72 1.2 1065 1 
91500 0.01392 11.3 0.00051 3.22 1.46721 1.88616 7 0.282329 22 0.282319 7 0.72 1.2 1065 1 
91500 0.01129 9.1 0.00042 2.53 1.46724 1.88627 8 0.282317 21 0.282308 7 0.72 1.2 1065 1 
91500 0.01164 9.8 0.00043 2.75 1.46718 1.88600 9 0.282316 19 0.282307 7 0.72 1.2 1065 1 
91500 0.00479 4.0 0.00018 1.10 1.46719 1.88615 8 0.282294 22 0.282290 6 0.72 1.3 1065 1 
91500 0.01283 10.4 0.00047 2.91 1.46726 1.88600 8 0.282299 25 0.282289 6 0.72 1.3 1065 1 
91500 0.01230 9.9 0.00046 2.80 1.46718 1.88622 8 0.282284 23 0.282275 6 0.72 1.3 1065 1 
91500 0.01304 10.6 0.00049 3.07 1.46720 1.88605 7 0.282326 22 0.282317 7 0.72 1.2 1065 1 
91500 0.01198 9.6 0.00045 2.77 1.46716 1.88623 7 0.282301 28 0.282292 6 0.72 1.3 1065 1 
91500 0.01115 9.0 0.00042 2.60 1.46717 1.88641 7 0.282300 20 0.282291 6 0.72 1.3 1065 1 
91500 0.01104 8.9 0.00041 2.46 1.46718 1.88633 9 0.282304 20 0.282295 7 0.72 1.3 1065 1 
91500 0.01151 9.3 0.00042 2.53 1.46721 1.88628 9 0.282292 16 0.282284 6 0.72 1.3 1065 1 
91500 0.01153 9.2 0.00043 2.58 1.46719 1.88615 9 0.282303 18 0.282294 7 0.72 1.3 1065 1 
91500 0.01125 9.1 0.00042 2.54 1.46728 1.88635 8 0.282290 26 0.282281 6 0.72 1.3 1065 1 
91500 0.01134 9.1 0.00042 2.56 1.46725 1.88639 8 0.282291 25 0.282282 6 0.72 1.3 1065 1 
91500 0.01108 9.0 0.00041 2.50 1.46719 1.88604 8 0.282299 26 0.282291 6 0.72 1.3 1065 1 
91500 0.01324 10.8 0.00049 3.09 1.46721 1.88613 8 0.282312 23 0.282303 7 0.72 1.2 1065 1 
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91500 0.01327 10.8 0.00049 3.12 1.46716 1.88622 7 0.282297 20 0.282287 6 0.72 1.3 1065 1 
91500 0.01173 9.4 0.00043 2.67 1.46725 1.88611 8 0.282313 23 0.282304 7 0.72 1.2 1065 1 
91500 0.01424 11.5 0.00051 3.22 1.46718 1.88611 9 0.282309 20 0.282299 7 0.72 1.3 1065 1 
91500 0.01236 9.9 0.00045 2.70 1.46727 1.88645 8 0.282299 21 0.282290 6 0.72 1.3 1065 1 
91500 0.01207 9.7 0.00043 2.65 1.46720 1.88616 8 0.282305 23 0.282296 7 0.72 1.3 1065 1 
                
October 
2nd, 2015                
91500 0.01289 10.4 0.00042 2.56 1.46724 1.88589 7 0.282303 25 0.282294 7 0.72 1.3 1065 1 
91500 0.01294 10.4 0.00043 2.57 1.46725 1.88604 6 0.282333 23 0.282324 8 0.72 1.2 1065 1 
91500 0.01340 12.4 0.00042 2.58 1.46719 1.88605 7 0.282299 27 0.282291 6 0.72 1.3 1065 1 
91500 0.00880 7.8 0.00029 2.01 1.46722 1.88633 6 0.282285 24 0.282279 6 0.72 1.3 1065 1 
91500 0.00919 7.5 0.00030 1.90 1.46723 1.88640 6 0.282310 25 0.282304 7 0.72 1.2 1065 1 
91500 0.00921 7.7 0.00031 1.96 1.46724 1.88620 6 0.282312 24 0.282306 7 0.72 1.2 1065 1 
91500 0.01242 10.0 0.00042 2.58 1.46716 1.88624 7 0.282346 21 0.282338 8 0.72 1.2 1065 1 
91500 0.01225 9.9 0.00042 2.52 1.46720 1.88645 7 0.282297 25 0.282288 6 0.72 1.3 1065 1 
91500 0.01232 9.9 0.00042 2.57 1.46724 1.88620 8 0.282312 19 0.282303 7 0.72 1.2 1065 1 
91500 0.01187 9.6 0.00040 2.40 1.46723 1.88601 8 0.282356 20 0.282348 8 0.72 1.2 1065 1 
91500 0.01225 10.0 0.00041 2.46 1.46717 1.88618 9 0.282343 20 0.282335 8 0.72 1.2 1065 1 
91500 0.01359 10.9 0.00045 2.77 1.46722 1.88615 7 0.282291 26 0.282282 6 0.72 1.3 1065 1 
91500 0.01312 10.5 0.00044 2.70 1.46720 1.88671 7 0.282274 28 0.282265 5 0.72 1.3 1065 1 
91500 0.01308 10.7 0.00044 2.68 1.46717 1.88626 7 0.282322 21 0.282313 7 0.72 1.2 1065 1 
91500 0.01237 10.0 0.00040 2.43 1.46726 1.88632 7 0.282305 22 0.282297 7 0.72 1.3 1065 1 
91500 0.01192 9.6 0.00039 2.36 1.46717 1.88615 9 0.282289 23 0.282281 6 0.72 1.3 1065 1 
91500 0.01196 9.7 0.00040 2.40 1.46720 1.88625 8 0.282287 16 0.282279 6 0.72 1.3 1065 1 
91500 0.01214 9.8 0.00041 2.47 1.46724 1.88620 8 0.282303 17 0.282294 7 0.72 1.3 1065 1 
91500 0.01193 9.6 0.00040 2.44 1.46722 1.88622 8 0.282309 23 0.282301 7 0.72 1.2 1065 1 
91500 0.01277 10.3 0.00042 2.55 1.46721 1.88626 8 0.282325 25 0.282317 7 0.72 1.2 1065 1 
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91500 0.01327 10.8 0.00049 3.12 1.46716 1.88622 7 0.282297 20 0.282287 6 0.72 1.3 1065 1 
91500 0.01173 9.4 0.00043 2.67 1.46725 1.88611 8 0.282313 23 0.282304 7 0.72 1.2 1065 1 
91500 0.01424 11.5 0.00051 3.22 1.46718 1.88611 9 0.282309 20 0.282299 7 0.72 1.3 1065 1 
91500 0.01236 9.9 0.00045 2.70 1.46727 1.88645 8 0.282299 21 0.282290 6 0.72 1.3 1065 1 
91500 0.01207 9.7 0.00043 2.65 1.46720 1.88616 8 0.282305 23 0.282296 7 0.72 1.3 1065 1 
                
October2nd
, 2015                
91500 0.01289 10.4 0.00042 2.56 1.46724 1.88589 7 0.282303 25 0.282294 7 0.72 1.3 1065 1 
91500 0.01294 10.4 0.00043 2.57 1.46725 1.88604 6 0.282333 23 0.282324 8 0.72 1.2 1065 1 
91500 0.01340 12.4 0.00042 2.58 1.46719 1.88605 7 0.282299 27 0.282291 6 0.72 1.3 1065 1 
91500 0.00880 7.8 0.00029 2.01 1.46722 1.88633 6 0.282285 24 0.282279 6 0.72 1.3 1065 1 
91500 0.00919 7.5 0.00030 1.90 1.46723 1.88640 6 0.282310 25 0.282304 7 0.72 1.2 1065 1 
91500 0.00921 7.7 0.00031 1.96 1.46724 1.88620 6 0.282312 24 0.282306 7 0.72 1.2 1065 1 
91500 0.01242 10.0 0.00042 2.58 1.46716 1.88624 7 0.282346 21 0.282338 8 0.72 1.2 1065 1 
91500 0.01225 9.9 0.00042 2.52 1.46720 1.88645 7 0.282297 25 0.282288 6 0.72 1.3 1065 1 
91500 0.01232 9.9 0.00042 2.57 1.46724 1.88620 8 0.282312 19 0.282303 7 0.72 1.2 1065 1 
91500 0.01187 9.6 0.00040 2.40 1.46723 1.88601 8 0.282356 20 0.282348 8 0.72 1.2 1065 1 
91500 0.01225 10.0 0.00041 2.46 1.46717 1.88618 9 0.282343 20 0.282335 8 0.72 1.2 1065 1 
91500 0.01359 10.9 0.00045 2.77 1.46722 1.88615 7 0.282291 26 0.282282 6 0.72 1.3 1065 1 
91500 0.01312 10.5 0.00044 2.70 1.46720 1.88671 7 0.282274 28 0.282265 5 0.72 1.3 1065 1 
91500 0.01308 10.7 0.00044 2.68 1.46717 1.88626 7 0.282322 21 0.282313 7 0.72 1.2 1065 1 
91500 0.01237 10.0 0.00040 2.43 1.46726 1.88632 7 0.282305 22 0.282297 7 0.72 1.3 1065 1 
91500 0.01192 9.6 0.00039 2.36 1.46717 1.88615 9 0.282289 23 0.282281 6 0.72 1.3 1065 1 
91500 0.01196 9.7 0.00040 2.40 1.46720 1.88625 8 0.282287 16 0.282279 6 0.72 1.3 1065 1 
91500 0.01214 9.8 0.00041 2.47 1.46724 1.88620 8 0.282303 17 0.282294 7 0.72 1.3 1065 1 
91500 0.01193 9.6 0.00040 2.44 1.46722 1.88622 8 0.282309 23 0.282301 7 0.72 1.2 1065 1 
91500 0.01277 10.3 0.00042 2.55 1.46721 1.88626 8 0.282325 25 0.282317 7 0.72 1.2 1065 1 
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Temora 0.03681 29.5 0.00131 7.87 1.46717 1.88637 8 0.282637 22 0.282626 4 0.72 0.9 416 1 
Temora 0.02943 23.6 0.00115 6.94 1.46714 1.88601 9 0.282671 20 0.282662 5 0.72 0.8 416 1 
Temora 0.02443 19.6 0.00090 5.44 1.46720 1.88647 8 0.282680 22 0.282673 5 0.72 0.8 416 1 
Temora 0.02997 24.9 0.00117 7.47 1.46724 1.88649 8 0.282642 20 0.282632 4 0.72 0.9 416 1 
Temora 0.02035 16.5 0.00074 4.53 1.46724 1.88635 7 0.282621 21 0.282615 3 0.72 0.9 416 1 
                
September 
29th, 2015                
Temora 0.03916 31.3 0.00143 8.57 1.46724 1.88695 10 0.282663 17 0.282652 5 0.72 0.8 416 1 
Temora 0.02484 20.7 0.00101 6.52 1.46722 1.88656 12 0.282690 14 0.282683 6 0.72 0.8 416 1 
Temora 0.01553 12.5 0.00060 3.63 1.46722 1.88646 11 0.282694 20 0.282689 6 0.72 0.8 416 1 
Temora 0.01682 14.9 0.00066 4.70 1.46722 1.88666 10 0.282689 21 0.282684 6 0.72 0.8 416 1 
Temora 0.04280 36.0 0.00153 9.89 1.46727 1.88658 9 0.282678 22 0.282666 5 0.72 0.8 416 1 
Temora 0.05482 47.9 0.00189 13.0 1.46724 1.88654 10 0.282691 23 0.282676 5 0.72 0.8 416 1 
Temora 0.03156 25.3 0.00113 6.81 1.46722 1.88625 10 0.282680 21 0.282671 5 0.72 0.8 416 1 
Temora 0.03730 29.9 0.00132 7.95 1.46728 1.88628 14 0.282683 17 0.282673 5 0.72 0.8 416 1 
Temora 0.02998 24.2 0.00117 7.14 1.46722 1.88635 17 0.282697 18 0.282688 6 0.72 0.8 416 1 
Temora 0.03495 28.0 0.00129 7.79 1.46725 1.88626 13 0.282691 15 0.282681 6 0.72 0.8 416 1 
                
September 
30th, 2015                
Temora 0.02138 17.8 0.00082 5.19 1.46718 1.88608 16 0.282677 17 0.282671 5 0.72 0.8 416 1 
Temora 0.03307 26.8 0.00122 7.48 1.46726 1.88662 10 0.282655 18 0.282646 4 0.72 0.8 416 1 
Temora 0.02630 21.3 0.00106 6.47 1.46716 1.88592 13 0.282682 20 0.282673 5 0.72 0.8 416 1 
Temora 0.02763 23.5 0.00107 7.51 1.46721 1.88616 13 0.282671 20 0.282663 5 0.72 0.8 416 1 
Temora 0.02832 22.7 0.00115 6.91 1.46718 1.88662 11 0.282669 18 0.282660 5 0.72 0.8 416 1 
Temora 0.01379 11.9 0.00059 3.76 1.46725 1.88646 12 0.282676 15 0.282672 5 0.72 0.8 416 1 
Temora 0.02772 22.4 0.00108 6.51 1.46726 1.88646 12 0.282668 19 0.282660 5 0.72 0.8 416 1 
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Temora 0.04960 40.9 0.00192 12 1.46724 1.88624 11 0.282647 19 0.282632 4 0.72 0.9 416 1 
Temora 0.01895 17.6 0.00080 5.80 1.46726 1.88573 13 0.282668 22 0.282662 5 0.72 0.8 416 1 
Temora 0.03532 29.9 0.00133 8.96 1.46726 1.88624 10 0.282633 21 0.282623 4 0.72 0.9 416 1 
Temora 0.02753 24.3 0.00109 7.40 1.46723 1.88630 11 0.282647 17 0.282638 4 0.72 0.9 416 1 
Temora 0.05380 43.6 0.00200 12. 1.46725 1.88621 12 0.282632 16 0.282617 3 0.72 0.9 416 1 
Temora 0.02530 20.4 0.00100 6.06 1.46721 1.88633 10 0.282672 16 0.282664 5 0.72 0.8 416 1 
Temora 0.02812 29.9 0.00107 8.70 1.46724 1.88706 11 0.282684 19 0.282676 5 0.72 0.8 416 1 
Temora 0.01492 12.0 0.00057 3.48 1.46718 1.88617 13 0.282688 18 0.282683 6 0.72 0.8 416 1 
Temora 0.03202 30.0 0.00120 8.71 1.46723 1.88649 12 0.282702 20 0.282693 6 0.72 0.8 416 1 
Temora 0.03218 28.6 0.00120 8.00 1.46722 1.88656 12 0.282677 16 0.282667 5 0.72 0.8 416 1 
Temora 0.01894 15.5 0.00073 4.43 1.46725 1.88637 10 0.282672 21 0.282666 5 0.72 0.8 416 1 
                
Octobe 2nd, 
2015                
Temora 0.02443 28.6 0.00083 7.97 1.46723 1.88642 12 0.282684 19 0.282678 5 0.72 0.8 416 1 
Temora 0.02268 18.2 0.00080 4.85 1.46725 1.88645 12 0.282704 16 0.282697 6 0.72 0.7 416 1 
Temora 0.01315 10.7 0.00045 2.79 1.46727 1.88602 15 0.282708 16 0.282704 6 0.72 0.7 416 1 
Temora 0.02152 18.0 0.00073 4.86 1.46727 1.88606 16 0.282656 18 0.282650 5 0.72 0.8 416 1 
Temora 0.02223 18.1 0.00070 4.42 1.46727 1.88588 12 0.282672 17 0.282666 5 0.72 0.8 416 1 
Temora 0.02545 21.6 0.00090 5.93 1.46721 1.88603 14 0.282686 15 0.282679 6 0.72 0.8 416 1 
Temora 0.02591 20.8 0.00089 5.33 1.46721 1.88619 14 0.282680 18 0.282673 5 0.72 0.8 416 1 
Temora 0.02574 20.9 0.00093 5.70 1.46717 1.88671 11 0.282685 16 0.282678 5 0.72 0.8 416 1 
Temora 0.02521 20.2 0.00092 5.55 1.46721 1.88666 12 0.282658 14 0.282650 5 0.72 0.8 416 1 
Temora 0.02193 18.1 0.00084 5.17 1.46718 1.88668 13 0.282661 17 0.282654 5 0.72 0.8 416 1 
Temora 0.02968 23.8 0.00106 6.35 1.46722 1.88617 13 0.282681 16 0.282673 5 0.72 0.8 416 1 
Temora 0.03979 31.9 0.00134 8.09 1.46724 1.88632 14 0.282683 16 0.282673 5 0.72 0.8 416 1 
Temora 0.02172 17.4 0.00078 4.75 1.46723 1.88633 12 0.282681 19 0.282675 5 0.72 0.8 416 1 
Temora 0.03947 33.2 0.00138 8.94 1.46720 1.88615 14 0.282680 20 0.282670 5 0.72 0.8 416 1 
Temora 0.01426 11.5 0.00053 3.35 1.46723 1.88601 15 0.282667 16 0.282663 5 0.72 0.8 416 1 
 
Stellenbosch University  https://scholar.sun.ac.za
Stellenbosch University  https://scholar.sun.ac.za
215 
Continuation Table 6 
Standard 






















Plešovice 0.00504 4.0 0.00012 0.74 1.46718 1.88651 12 0.282473 16 0.282472 -4 0.72 1.2 337 1 
Plešovice 0.00515 4.1 0.00013 0.76 1.46722 1.88657 13 0.282496 16 0.282495 -3 0.72 1.2 337 1 
Plešovice 0.00283 2.3 0.00007 0.43 1.46726 1.88639 10 0.282503 22 0.282503 -2 0.72 1.2 337 1 
                
September 
30th, 2015                
Plešovice 0.00344 2.9 0.00009 0.57 1.46719 1.88659 12 0.282491 14 0.282491 -3 0.72 1.2 337 1 
Plešovice 0.00351 2.8 0.00009 0.55 1.46717 1.88689 12 0.282489 18 0.282489 -3 0.72 1.2 337 1 
Plešovice 0.00277 2.4 0.00007 0.50 1.46722 1.88667 13 0.282494 15 0.282494 -3 0.72 1.2 337 1 
Plešovice 0.00238 2.1 0.00006 0.42 1.46722 1.88661 13 0.282480 14 0.282479 -3 0.72 1.2 337 1 
                
October2nd
, 2015                
Plešovice 0.00541 8.2 0.00011 0.84 1.46727 1.88662 12 0.282475 18 0.282474 -3 0.72 1.2 337 1 
Plešovice 0.00522 4.2 0.00012 0.7 1.46721 1.88632 12 0.282496 17 0.282495 -3 0.72 1.2 337 1 
Plešovice 0.00502 4.1 0.00011 0.67 1.46725 1.88670 13 0.282503 17 0.282502 -2 0.72 1.2 337 1 
Plešovice 0.00350 2.8 0.00008 0.51 1.46719 1.88682 13 0.282482 19 0.282482 -3 0.72 1.2 337 1 
Plešovice 0.00364 2.9 0.00008 0.49 1.46715 1.88651 14 0.282500 14 0.282499 -3 0.72 1.2 337 1 
Plešovice 0.00353 2.8 0.00008 0.47 1.46723 1.88653 14 0.282481 15 0.282480 -3 0.72 1.2 337 1 
Plešovice 0.00260 2.1 0.00006 0.35 1.46723 1.88611 17 0.282505 13 0.282504 -2 0.72 1.2 337 1 
Plešovice 0.00410 3.3 0.00009 0.57 1.46721 1.88596 20 0.282502 12 0.282502 -3 0.72 1.2 337 1 
Plešovice 0.00373 3.0 0.00008 0.50 1.46725 1.88616 18 0.282493 16 0.282493 -3 0.72 1.2 337 1 
Plešovice 0.00514 4.3 0.00012 0.78 1.46720 1.88620 17 0.282506 16 0.282506 -2 0.72 1.2 337 1 
Plešovice 0.00485 3.9 0.00011 0.64 1.46721 1.88660 13 0.282506 18 0.282505 -2 0.72 1.2 337 1 
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Table 7: Whole rock major and trace element analyses. (1) Major elements are reported in (wt.%); (2) Loss of ignition; (3) Al/(2*Ca+Na+K); (4) Mg/(Mg+Fe2+); 
(5) Trace elements are reported in (ppm) (part per million); (6) EuN/[(SmN)(GdN)]1/2; (7) Mafic Microgranular Enclaves 
Sample FGL24 FGL25 FGL26 FGL28 FGL31 FGL32 FSV35 FGL40 




7864600 S  
238718 E 
7874187 S  
238427 E 






7879396 S  
Mineral 
assemblage Bt+Grt Bt+Grt Bt+Amp+Grt MME MME Bt+Amp+Grt Bt+Amp+Grt Bt+Grt 
SiO2  (1) 72.19 64.06 60.71 58.00 64.42 66.42 58.83 69.30 
TiO2 0.32 0.71 0.96 0.90 0.82 0.59 1.04 0.35 
Al2O3 14.47 16.80 16.38 16.11 16.19 15.75 17.43 15.40 
Fe2O3Tot 2.78 5.50 7.75 9.13 6.24 4.77 7.94 3.41 
MnO 0.06 0.09 0.13 0.12 0.09 0.09 0.14 0.07 
MgO 0.70 1.77 2.35 4.01 1.81 1.75 3.03 0.78 
CaO 2.68 5.17 6.29 6.10 4.09 4.29 6.66 3.08 
Na2O 3.34 2.88 2.74 2.13 2.55 2.70 2.26 3.30 
K2O 2.98 2.34 1.83 2.67 2.33 2.91 2.06 3.69 
P2O5 0.09 0.16 0.24 0.17 0.16 0.13 0.19 0.10 
L.O.I (2) 0.41 0.52 0.61 0.66 1.31 0.60 0.43 0.53 
A/CNK (3) 1.07 1.01 0.91 0.92 1.15 1.02 0.97 1.03 
FeOTot + MgO 3.20 6.72 9.33 12.22 7.42 6.04 10.18 3.85 
Mg# (4) 0.330 0.39 0.38 0.47 0.36 0.42 0.43 0.31 
Sc (5) 14.6 21.8 29.3 27.9 25.8 19.3 27.0 14.7 
V 42.1 93.1 150 149 91.5 80.6 137 48.3 
Cr 17.2 25.1 17.0 102 22.3 32.3 33.8 10.9 
Co 46.9 37.0 38.1 42.1 43.3 46.4 45.0 43.6 
Ni 7.56 12.1 9.4 26.9 10.6 12.4 14.8 6.73 
Cu 3.22 10.2 15.2 6.15 18.4 16.1 15.3 7.37 
Zn 42.9 72.2 92.8 123 88.2 64.1 94.1 56.2 
Rb 119 81.1 55.3 89.3 143 98.2 80.4 118 
Sr 128 209 252 162 154 163 190 155 
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Y 21.0 25.1 46.2 36.2 19.2 22.6 25.3 19.0 
Zr 116 183 209 142 193 152 152 114 
Nb 7.78 10.6 13.0 9.51 11.8 9.48 10.1 8.48 
Mo 0.355 0.795 1.13 0.602 0.693 0.497 0.678 0.615 
Cs 12.0 3.31 1.56 2.62 5.98 6.45 3.71 5.02 
Ba 738 517 636 483 435 451 360 449 
La 23.1 35.0 14.2 13.0 18.8 24.9 9.40 16.3 
Ce 48.9 67.1 37.2 35.5 47.3 49.2 23.5 33.8 
Pr 5.69 8.35 5.67 5.16 4.66 5.67 3.33 4.16 
Nd 22.0 32.2 27.7 24.6 18.4 22.1 16.5 17.0 
Sm 4.23 6.28 8.34 6.94 3.83 4.44 4.35 4.22 
Eu 0.955 1.39 1.74 1.35 1.36 0.950 1.20 1.05 
Gd 3.80 5.59 9.16 6.83 3.66 4.20 4.69 3.41 
Tb 0.674 0.796 1.60 1.05 0.548 0.607 0.716 0.576 
Dy 3.98 4.93 9.38 6.73 3.70 4.11 4.76 3.22 
Ho 0.731 0.948 1.87 1.36 0.772 0.821 1.01 0.690 
Er 2.01 2.87 5.11 4.03 2.30 2.44 2.79 1.77 
Tm 0.262 0.431 0.646 0.553 0.272 0.355 0.365 0.259 
Yb 2.18 2.51 4.49 3.65 2.18 2.44 2.71 1.93 
Lu 0.233 0.384 0.551 0.512 0.306 0.425 0.361 0.281 
Hf 3.83 5.09 5.45 3.74 5.55 4.52 3.82 3.40 
Ta 1.16 0.97 0.89 0.76 1.11 1.21 0.88 1.20 
Pb 14.7 13.2 8.06 6.92 10.4 20.0 8.32 21.8 
Th 7.77 8.73 2.26 1.92 10.0 9.34 1.85 6.44 
U 1.95 1.31 0.697 0.511 0.980 1.82 0.599 1.71 
ΣREE 119 169 128 111 108 123 75.7 88.7 
La/Yb 1.96 2.14 1.39 1.41 3.19 2.31 2.12 2.63 
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Table 8. Trace element analyses (in ppm) for the Galiléia zircons. Note that trace analyses were performed only on high-precision 
concordant dates. b.d.l.: below detection limit 
Sample  FGL22                 
Spot 
domain edge edge edge edge edge edge edge edge edge edge edge centre centre centre centre centre centre 
206Pb/238U 
age (Ma) 552 554 556 558 563 577 582 583 583 583 605 572 574 579 580 584 585 
2S 4.83 4.83 3.34 3.95 2.86 4.84 3.08 5.15 3.50 3.26 3.47 4.62 3.21 3.16 3.43 3.28 3.15 
44Ca 1823 b.d.l. 70 259 96 91 b.d.l. b.d.l. 135 b.d.l. b.d.l. 281 b.d.l. b.d.l. 62 b.d.l. 128 
45Sc 546 424 419 481 495 413 539 600 492 882 410 548 370 463 466 729 774 
47Ti 983 855 868 870 749 918 986 959 1004 1026 987 1022 909 1063 962 989 1096 
89Y 1161 895 1010 1128 1439 1093 1255 1205 1074 1387 497 1315 650 1041 1246 1107 1301 
90Zr 210496 165690 193594 164768 180720 185199 204189 212825 205856 212854 199401 217165 176037 215028 205958 206412 226065 
93Nb 6.42 3.74 5.06 3.48 9.55 5.70 4.21 6.58 4.69 6.63 4.63 4.24 4.42 4.87 4.38 4.79 5.19 
137Ba 1.98 2.59 1.59 2.78 1.28 3.66 2.89 1.59 2.83 2.10 1.26 2.18 1.69 2.01 1.56 1.51 3.29 
139La 2.98 b.d.l. 0.90 0.73 0.90 b.d.l. 0.69 0.49 0.49 0.54 b.d.l. b.d.l. 0.53 b.d.l. b.d.l. b.d.l. 0.94 
140Ce 10.51 3.57 3.87 2.84 7.92 3.20 1.95 6.29 2.79 5.36 2.66 8.12 3.23 6.60 6.01 1.49 3.46 
141Pr 1.27 0.44 0.37 <0.233 <0.231 <0.227 <0.181 <0.187 <0.172 <0.189 0.43 0.31 <0.215 0.25 <0.198 <0.190 <0.221 
146Nd 7.85 0.65 0.55 1.72 1.59 0.51 b.d.l. 1.04 2.12 1.07 <0.37 4.26 b.d.l. 2.87 3.34 1.20 2.82 
147Sm 4.93 2.08 0.81 1.42 3.10 2.02 1.66 0.96 5.16 3.80 <0.69 9.25 1.93 7.41 7.82 4.14 4.95 
153Eu <0.156 <0.210 0.19 <0.152 0.43 0.32 <0.165 <0.196 0.98 0.68 0.29 1.44 <0.219 1.06 1.21 0.45 0.81 
157Gd 16.35 7.93 12.89 8.84 25.32 8.57 13.40 22.76 16.21 21.82 6.44 35.30 4.15 22.34 35.45 14.37 27.10 
159Tb 5.44 4.17 4.85 5.33 11.54 5.28 7.80 9.47 6.92 9.79 1.76 12.06 4.27 7.42 12.17 5.79 9.02 
163Dy 105.94 58.79 67.38 75.00 179.65 78.61 115.48 129.12 112.08 179.40 38.52 194.21 53.34 120.48 152.25 99.16 155.92 
165Ho 37.14 25.18 27.47 32.04 70.84 33.62 48.70 54.69 35.87 61.85 13.32 59.44 21.94 38.54 52.44 34.03 50.47 
166Er 223.84 120.74 134.05 159.69 347.89 168.24 239.20 256.44 188.66 346.94 74.98 298.45 99.77 191.83 221.28 193.05 262.76 
169Tm 37.18 26.66 22.73 35.00 57.73 37.92 55.87 41.70 27.77 56.06 11.27 45.23 20.84 27.45 32.26 32.17 40.55 
172Yb 463.60 247.23 239.12 314.37 599.02 361.25 533.24 435.47 337.69 687.04 146.58 527.89 199.39 326.61 317.16 410.29 494.44 
175Lu 65.04 43.85 39.12 56.41 91.51 65.39 91.55 70.75 44.11 92.33 20.56 67.79 34.21 42.51 49.27 55.76 64.66 
178Hf 6287 4720 5964 4797 5856 5477 5430 5907 5483 5797 5420 5627 5363 5477 5517 5178 5865 
181Ta 1.49 0.51 1.68 0.70 3.27 2.54 1.14 1.76 0.66 0.97 0.74 0.60 1.09 0.62 0.54 0.72 0.86 
232Th 79.62 38.77 56.09 40.53 188.28 52.22 56.45 121.47 64.18 123.01 23.47 128.51 47.90 71.50 92.02 46.26 99.93 
238U 262.15 89.83 183.85 108.63 462.24 332.35 233.40 229.91 103.81 238.81 61.88 158.39 134.23 92.51 105.34 122.85 171.50 
                 
Apha 
dose 2.41 0.89 1.69 1.04 4.52 2.77 2.06 2.41 1.14 2.48 0.59 1.92 1.27 1.10 1.31 1.18 1.85 
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Sample  FGL22                
Spot 
domain centre centre centre centre centre centre centre centre centre centre resorbed resorbed resorbed resorbed resorbed resorbed 
206Pb/238U 
age (Ma) 588 592 592 595 600 606 609 611 620 631 577 607 612 612 612 617 
2S 4.11 3.43 2.99 2.77 9.47 4.36 4.34 3.67 4.79 4.29 4.21 4.05 4.22 3.79 3.95 4.73 
44Ca 148 193 57 238 124 135 b.d.l. 99 187 b.d.l. 92 427 92 420 70 b.d.l. 
45Sc 523 554 502 394 477 532 426 687 436 1203 504 396 624 502 510 570 
47Ti 928 1002 930 919 915 1101 965 1083 915 2174 986 949 1051 1052 878 160 
89Y 1551 1235 1075 954 1103 1191 1032 1040 1263 2729 894 984 1237 1104 874 1014 
90Zr 200448 200441 184485 193856 197707 225971 198574 221628 201204 433880 203149 191333 216955 213100 196216 226103 
93Nb 6.64 3.64 2.73 4.09 4.82 4.44 5.50 4.44 4.22 11.76 3.89 4.73 4.46 3.98 4.30 4.81 
137Ba b.d.l. 2.42 1.58 1.72 2.04 b.d.l. 2.62 3.35 0.98 4.35 2.69 b.d.l. b.d.l. 1.36 2.67 2.78 
139La 5.39 b.d.l. b.d.l. b.d.l. 0.81 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.55 0.68 b.d.l. 2.07 b.d.l. b.d.l. 
140Ce 15.39 1.33 1.07 2.94 1.82 6.43 3.65 2.56 5.41 10.26 2.95 3.88 2.91 7.30 2.29 2.58 
141Pr 1.53 <0.206 0.35 <0.252 <0.210 0.46 0.30 <0.214 <0.214 <0.47 <0.219 <0.216 <0.207 0.58 0.35 0.19 
146Nd 6.12 1.63 0.98 0.77 <0.41 4.61 0.46 0.97 2.65 3.25 1.08 1.94 1.41 3.86 1.67 1.44 
147Sm 8.99 3.26 3.94 3.71 2.45 7.32 3.06 2.21 3.68 10.20 1.32 4.61 3.35 3.43 2.41 <0.80 
153Eu 0.82 0.24 <0.234 0.67 0.17 2.08 0.62 0.26 0.58 1.75 <0.202 0.89 0.51 0.58 <0.207 0.29 
157Gd 37.15 13.39 11.97 14.51 20.62 23.53 16.28 15.34 29.08 32.14 11.54 13.85 13.44 13.16 17.62 12.00 
159Tb 12.41 8.72 6.33 5.51 5.18 8.16 5.66 5.95 9.68 16.34 4.07 7.84 7.84 7.62 4.55 4.06 
163Dy 227.61 114.95 87.13 73.61 81.73 124.64 98.53 95.82 113.15 246.86 66.36 104.15 108.83 90.28 61.76 71.07 
165Ho 73.94 46.12 32.12 28.31 33.82 36.56 32.56 30.78 41.95 100.95 22.03 38.29 42.91 33.62 24.66 24.53 
166Er 396.81 230.30 148.06 130.85 164.02 191.81 173.56 174.22 183.01 480.63 116.93 173.80 210.30 151.41 113.57 138.97 
169Tm 62.92 51.11 32.91 21.02 27.27 27.15 25.43 27.63 28.12 104.30 17.89 34.64 46.28 33.23 16.70 23.14 
172Yb 760.16 472.50 293.09 211.68 279.81 326.78 320.48 358.74 272.98 960.03 229.68 313.40 425.72 292.57 182.95 294.98 
175Lu 98.67 80.92 51.32 34.76 47.79 42.30 41.99 49.69 42.40 165.10 32.30 51.86 73.11 49.37 30.21 39.97 
178Hf 5945 4926 4535 5928 5878 5239 5284 5854 5928 b.d.l. 5599 4800 4876 4885 5538 5915 
181Ta 1.09 0.85 0.41 0.84 1.13 0.57 0.91 0.46 0.79 1.76 0.43 1.14 0.81 0.72 0.98 0.37 
232Th 225.98 56.34 34.65 54.91 44.82 66.05 69.91 42.63 82.96 158.81 27.12 78.54 60.46 50.56 34.11 38.26 
238U 519.38 185.79 78.93 96.25 149.07 64.17 140.12 94.48 117.97 361.41 46.90 162.25 159.81 104.20 56.29 105.38 
                 
Apha 
dose 5.16 1.71 0.79 1.03 1.37 0.86 1.44 0.95 1.35 3.60 0.50 1.66 1.54 1.07 0.61 1.00 
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Sample  FGL22    
Spot 
domain resorbed resorbed resorbed resorbed 
206Pb/238U 
age (Ma) 628 628 644 660 
2S 4.44 3.30 3.36 4.05 
44Ca 77 b.d.l. 87 b.d.l. 
45Sc 453 496 548 518 
47Ti 914 1061 998 1030 
89Y 1285 1008 1150 1234 
90Zr 182740 209495 202158 205088 
93Nb 3.66 5.13 4.74 3.61 
137Ba 1.22 1.30 1.82 2.31 
139La b.d.l. b.d.l. 0.78 b.d.l. 
140Ce 5.07 3.00 3.31 1.11 
141Pr 0.29 0.24 0.30 0.23 
146Nd 2.96 0.95 1.22 2.60 
147Sm 6.41 1.69 3.45 3.98 
153Eu 1.54 0.43 0.37 0.69 
157Gd 23.85 13.15 14.72 19.57 
159Tb 12.82 5.01 7.67 9.93 
163Dy 163.86 84.48 112.60 131.23 
165Ho 57.79 28.43 45.91 47.34 
166Er 260.40 160.16 223.43 209.70 
169Tm 52.47 26.04 50.86 41.76 
172Yb 439.89 325.81 470.37 383.81 
175Lu 74.01 45.25 80.44 64.39 
178Hf 4522 6026 5216 4813 
181Ta 0.49 0.86 1.27 0.45 
232Th 106.49 55.44 74.22 52.34 
238U 139.70 139.17 275.94 84.04 
     
Apha 
dose 1.65 1.35 2.48 0.93 
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Continuation Table 8 
Sample  FGL6 
Spot 
domain edge edge edge edge edge edge edge edge edge centre centre centre centre centre centre centre centre 
206Pb/238U 
age (Ma) 569 580 581 582 590 592 595 600 598 554 562 563 572 577 590 590 594 
2S 4 3 3 2 4 3 3 3 4 4 4 3 2 4 9 3 3 
44Ca 375 b.d.l. 72 75 249 b.d.l. 178 112 176 128 82 257 151 889 105 143 b.d.l. 
45Sc 385 369 352 373 451 321 541 401 379 469 426 676 393 445 331 455 359 
47Ti 854 910 816 862 1695 1104 1633 1559 1062 1571 1161 1522 944 1794 827 1636 1017 
89Y 869 520 962 775 1221 766 1432 945 1069 1497 1014 1556 1313 1305 713 1143 1133 
90Zr 184164 183882 161834 184069 237271 163414 223915 231345 178440 229021 187113 227076 155717 208514 159757 242624 174693 
93Nb 5.11 4.35 4.56 4.15 7.61 3.94 6.21 4.26 4.93 5.39 4.77 5.33 4.24 6.88 3.69 5.39 4.62 
137Ba 1.32 1.61 1.68 0.92 b.d.l. b.d.l. 2.62 3.75 2.79 3.74 2.10 b.d.l. b.d.l. 3.92 2.33 2.60 1.97 
139La 0.42 3.15 b.d.l. b.d.l. 1.40 0.81 b.d.l. b.d.l. b.d.l. 5.75 b.d.l. 0.49 b.d.l. 2.35 b.d.l. 0.66 1.04 
140Ce 5.67 17.18 4.23 2.38 8.16 8.79 7.89 5.05 5.49 61.32 4.92 1.34 6.64 12.33 2.90 7.41 5.49 
141Pr 0.49 1.44 <0.214 <0.221 0.63 0.73 b.d.l. 0.55 0.29 5.32 <0.197 b.d.l. 0.20 0.76 0.41 0.34 <0.197 
146Nd 1.20 7.64 1.34 0.65 6.00 2.34 1.27 3.10 1.30 34.52 0.74 2.01 1.94 7.64 1.25 1.66 1.45 
147Sm 1.28 5.28 <0.77 2.73 5.00 3.06 2.12 5.15 1.70 18.03 1.84 5.37 3.15 7.37 1.18 3.57 3.53 
153Eu 0.37 1.52 <0.203 <0.128 0.63 0.43 0.88 1.09 0.31 14.64 0.59 0.44 1.15 1.30 0.77 0.80 0.48 
157Gd 13.38 15.54 5.26 15.99 16.84 7.82 19.81 19.31 11.11 57.47 9.52 34.10 15.21 25.88 8.93 22.68 13.51 
159Tb 4.28 2.58 2.90 4.00 6.04 5.55 8.88 5.94 5.85 17.74 4.02 15.36 6.13 9.39 2.28 8.79 6.58 
163Dy 58.30 42.36 51.94 63.19 84.07 58.20 121.62 69.80 79.41 180.42 61.98 195.26 87.16 112.70 39.59 105.73 85.67 
165Ho 24.34 15.39 22.43 22.88 31.89 23.16 47.54 24.80 29.99 58.29 26.30 72.98 32.44 41.89 16.71 38.61 35.09 
166Er 123.98 79.10 119.30 105.53 179.41 119.44 250.41 134.46 147.59 270.94 128.69 354.19 167.95 211.98 85.20 206.35 169.82 
169Tm 22.31 15.22 21.43 18.55 34.73 20.45 42.68 24.51 23.51 44.18 21.10 56.00 28.86 35.40 14.61 34.30 27.18 
172Yb 252.13 207.49 288.43 193.28 429.13 223.46 444.70 267.21 307.38 453.60 289.65 564.78 404.90 377.43 191.74 379.30 379.19 
175Lu 44.09 41.62 57.50 31.31 74.74 42.55 76.80 48.57 50.00 76.66 49.13 91.38 71.91 64.80 40.39 66.76 63.44 
178Hf 5787 5976 5853 5889 8036 7383 6175 7055 5324 6931 5165 7117 4941 6652 6093 7054 5056 
181Ta 1.87 0.77 1.25 1.18 3.10 0.85 0.83 0.88 1.98 0.85 0.86 0.51 0.68 1.58 0.51 0.83 1.67 
232Th 118 82 97 101 115 141 127 107 184 267 69 89 341 250 67 180 163 
238U 447 474 395 247 1589 318 322 397 620 667 215 330 403 1097 237 561 593 
 
Apha dose 4.00 4.00 3.50 2.42 12.48 3.18 3.12 3.57 5.67 6.50 1.99 2.97 4.96 9.60 2.15 5.21 5.35 
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Continuation Table 8 
Sample  FGL6 
Spot domain centre centre centre resorbed resorbed resorbed resorbed resorbed 
206Pb/238U 
age (Ma) 602 618 633 575 585 605 614 675 
2S 3 3 4 4 4 5 4 5 
44Ca b.d.l. 736 b.d.l. b.d.l. b.d.l. 160 116 1465 
45Sc 441 365 515 411 423 488 447 365 
47Ti 1680 1244 1609 907 882 1014 1637 824 
89Y 1465 939 1089 639 641 1199 1070 839 
90Zr 250662 182029 238216 179696 167554 178300 228666 185552 
93Nb 5.05 3.45 3.91 4.00 3.51 4.19 4.27 3.81 
137Ba 3.11 4.78 1.56 1.66 1.92 0.97 2.29 2.06 
139La b.d.l. 2.42 0.69 0.58 b.d.l. b.d.l. 1.12 1.85 
140Ce 9.62 7.80 4.69 2.85 2.43 3.70 6.87 8.77 
141Pr 0.70 0.65 b.d.l. <0.215 0.36 0.53 0.26 1.25 
146Nd 6.20 3.54 0.49 0.87 1.05 2.95 2.13 6.78 
147Sm 9.97 3.48 2.03 1.59 1.69 6.28 3.95 5.04 
153Eu 2.43 0.67 0.49 0.50 0.29 1.14 0.80 3.54 
157Gd 48.98 24.02 16.09 7.41 9.30 32.60 19.74 19.68 
159Tb 15.43 6.21 6.23 2.24 2.47 11.88 6.56 6.09 
163Dy 182.65 71.57 79.18 41.52 42.93 160.51 87.31 80.98 
165Ho 65.64 23.54 29.99 18.49 18.17 54.28 29.67 28.24 
166Er 328.00 125.28 156.35 89.96 92.45 249.25 143.35 139.79 
169Tm 57.06 20.66 25.76 17.44 17.92 34.86 23.35 23.27 
172Yb 613.25 217.65 280.48 217.41 228.76 423.37 237.93 257.68 
175Lu 108.39 39.09 48.33 46.87 46.23 65.35 40.36 42.97 
178Hf 6143 6274 6430 5526 5563 5047 6121 6061 
181Ta 0.61 0.72 0.54 0.49 0.40 0.64 0.29 1.19 
232Th 310 125 63 34 27 87 103 115 
238U 468 297 176 126 91 143 166 546 
Apha dose 5.26 2.93 1.67 1.13 0.83 1.57 1.83 4.72 
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Table 9. Trace element of the standard materials used during Galiléia zircon trace element analyses. 
Standard  BHVO 
Analyses 
n° 9 10 29 30 49 50 69 70 89 90 109 110 129 130 149 150 169 170 
44Ca 47302 44290 54761 55828 52601 49892 50130 50274 52674 50682 49093 47518 49541 47619 42285 44837 59592 53834 
45Sc 31 32 31 33 37 34 27 31 33 33 31 24 30 30 24 25 32 27 
47Ti 14511 14989 13526 15921 16693 17006 14069 14638 14821 14765 14622 11608 13895 13896 10678 9995 18175 17129 
89Y 19 22 22 21 24 23 20 20 20 22 22 17 20 19 18 19 23 20 
90Zr 141 148 150 150 162 152 138 131 147 150 153 121 135 129 128 123 143 134 
93Nb 18 18 18 19 17 17 15 14 18 18 18 15 16 17 14 14 17 17 
137Ba 126 125 124 132 155 147 124 134 128 128 133 108 129 128 103 100 127 129 
139La 15 15 14 14 17 17 14 15 15 16 15 12 14 14 12 12 14 15 
140Ce 38 40 38 41 41 38 34 35 42 41 41 31 38 36 31 31 40 38 
141Pr 5.02 5.35 5.04 6.11 5.70 4.82 5.23 4.85 5.29 5.58 5.22 4.33 4.98 5.57 4.20 3.51 4.99 4.59 
146Nd 23.4 24.4 23.3 24.1 23.2 23.9 18.8 19.7 24.8 25.8 24.7 20.0 23.1 21.9 20.3 18.9 25.1 24.0 
147Sm 4.84 4.85 7.97 6.41 7.22 4.83 5.02 4.25 6.00 6.80 6.35 4.78 5.15 4.55 4.23 4.52 6.45 6.34 
153Eu 1.74 2.34 1.84 2.01 2.11 1.92 1.93 1.45 2.35 1.91 2.08 1.36 1.52 1.90 1.79 1.29 1.69 1.39 
157Gd     7.27 4.42 4.36 5.84 6.45 6.45 9.96 3.11 6.76 6.76 5.74 5.74 3.63 3.63 4.39   
159Tb 0.81 0.78 1.04 1.01 1.04 0.66 1.23 1.24 0.82 0.95 0.76 0.76 0.88 0.92 1.02 1.08 1.07   
163Dy 4.37 4.56 3.25 5.64 5.37 5.02 4.38 4.71 4.48 5.24 5.47 3.35 6.10 6.54 4.33 4.35 4.81 3.51 
165Ho 1.02 0.88 0.77 1.02 0.95 0.68 0.99 1.11 0.56 0.96 0.97 0.63 0.42 0.63 0.99 1.13 0.90 1.16 
166Er 2.25 1.54 1.49 1.94 2.29 1.75 2.55 2.99 1.40 2.10 2.34 2.35 1.56 4.18 2.26 1.38 3.38 1.94 
169Tm 0.15 0.32 0.25 0.35 0.15 0.46 0.21 0.26 0.37 0.47 0.30 0.26 0.33 0.24 0.33 0.27 0.31 0.31 
172Yb 1.89 2.31 1.56 2.12 2.53 2.58 1.47 1.41 1.32 1.35 1.95 1.95 1.84 1.84 1.82 1.82 1.85 1.27 
175Lu 0.33 0.09 0.28 0.29 0.40 0.40 0.19 0.13 0.22 0.29 0.23 0.23 0.24 0.24 0.32 0.23     
178Hf 2.98 4.06 3.81 4.18 4.19 3.42 3.98 5.08 3.87 4.06 5.59 2.68 4.28 3.11 4.72 2.84 4.08 3.04 
181Ta 0.90 1.08 0.97 0.95 1.14 0.96 0.69 1.29 1.23 0.86 1.10 0.64 0.80 1.08 0.96 1.11 1.04 1.12 
232Th 1.02 1.03 0.99 0.91 1.17 0.88 0.73 0.90 1.63 1.48 1.13 0.82 1.31 0.89 1.06 1.25 1.02 1.12 
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Continuation Table 9 
Standard  BHVO 
Analyses 
n° 189 190 209 210 229 230 BHVO MEAN SD RSD 
44Ca 51462 51467 36567 39576 55662 59237 44000 49864 5622 8.87 
45Sc 22 22 16 16 26 29 29.600 28.056 5.381 5.21 
47Ti 10424 9853 11059 9883 16409 17589 16165 14006 2619 5.35 
89Y 16 16 12 12 19 23 22.10 19.59 3.18 6.16 
90Zr 115 109 90 86 149 159 155.00 135.16 19.99 6.76 
93Nb 13 11 9 9 15 18 16.90 15.70 2.81 5.59 
137Ba 88 85 84 83 138 160 129.00 121.63 21.47 5.66 
139La 12 10 8 9 15 16 15.20 13.64 2.24 6.08 
140Ce 29 27 22 22 37 42 37.50 35.54 5.90 6.02 
141Pr 3.74 3.23 2.47 2.40 4.16 5.35 5.00 4.66 0.98 4.75 
146Nd 18.7 17.2 13.4 14.2 23.0 25.7 23.50 21.74 3.47 6.26 
147Sm 1.40 4.78 5.08 2.56 6.35 3.23 5.75 5.16 1.48 3.48 
153Eu 1.30 1.64 1.29 1.59 1.85 2.44 2.01 1.78 0.34 5.22 
157Gd   5.36 4.99 4.84 5.98 7.86 5.50 5.68 1.63 3.48 
159Tb 0.88 0.58 0.62 0.62 0.65 1.22 0.85 0.90 0.20 4.43 
163Dy 4.73 4.70 4.18 4.28 6.50 7.20 4.92 4.88 0.99 4.91 
165Ho 0.45 0.70 0.43 0.30 1.20 1.28 0.91 0.84 0.28 3.04 
166Er 1.89 1.99 0.98 1.80 2.68 2.60 2.28 2.15 0.70 3.08 
169Tm 0.51 0.30 0.06 0.11 0.45 0.45 0.29 0.30 0.12 2.58 
172Yb 2.64 2.60 1.60 1.24 1.99 2.70 1.96 1.90 0.46 4.13 
175Lu 0.17 0.19 0.16 0.18 0.21 0.56 0.25 0.25 0.10 2.42 
178Hf 4.91 2.21 2.10 2.01 3.17 2.94 4.02 3.64 0.95 3.82 
181Ta 1.44 1.15 1.10 0.99 0.41 1.33 0.96 1.01 0.23 4.46 
232Th 1.11 0.91 0.58 0.78 0.84 1.03 1.10 1.02 0.23 4.38 
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Continuation Table 9 
Standard  BCR 
Analyses 
n° 7 8 27 28 47 48 67 68 87 88 107 108 127 128 147 148 167 168 
44Ca 42662 41932 48230 47176 43562 45291 45476 45672 47284 43878 44512 44326 43579 46271 45518 44633 49331 51571 
45Sc 31.76 32.46 32.34 31.45 32.95 34.58 32.37 28.11 30.74 31.51 33.59 32.16 31.68 29.87 33.24 33.21 37.23 35.53 
47Ti 12982 12671 13644 13022 14253 14221 12579 11267 12104 12876 14304 13036 10727 12791 14567 14235 15882 16835 
89Y 30.47 30.64 32.73 32.55 33.11 32.78 31.03 29.48 31.10 30.68 32.18 32.44 30.20 30.38 34.01 31.81 35.86 33.59 
90Zr 169 167 174 178 183 176 165 164 172 174 177 165 147 148 161 232 193 186 
93Nb 10.98 10.69 11.61 11.12 11.56 11.93 10.98 9.93 11.13 10.45 10.94 11.88 11.33 11.47 10.28 11.33 12.63 12.53 
137Ba 636 628 664 660 673 683 625 608 648 633 659 649 612 632 672 671 772 733 
139La 24.25 24.43 25.86 25.86 26.66 27.32 22.85 23.57 26.44 23.83 25.04 25.10 24.20 24.43 26.03 25.75 28.31 29.25 
140Ce 49.81 50.50 52.77 52.93 54.26 51.91 50.71 49.12 52.15 48.30 53.25 52.30 49.97 51.05 53.69 51.28 61.45 59.52 
141Pr 6.23 6.37 6.73 6.15 6.45 6.55 6.35 6.13 6.38 6.34 6.91 5.85 5.82 6.40 6.45 6.81 8.13 6.94 
146Nd 26.85 27.95 27.72 27.88 29.58 29.17 26.62 25.02 27.91 26.59 27.95 27.95 25.92 26.98 28.14 29.37 31.91 31.97 
147Sm 4.81 6.52 6.68 7.22 5.12 9.34 5.31 5.47 4.77 6.55 7.15 6.77 6.67 5.60 6.67 6.30 6.62 6.87 
153Eu 1.84 2.04 2.19 1.73 1.92 2.21 2.07 1.60 2.20 1.39 2.10 2.11 1.91 2.03 1.81 2.06 2.72 2.56 
157Gd 4.07 7.36 4.72 9.12 5.89 6.60 5.94 6.85 4.94 4.39 7.43 8.52 4.57 5.34 5.67 9.70   8.84 
159Tb 0.95 0.87 0.90 1.12 1.11 0.54 1.54 0.65 1.45 0.89 0.92 0.58 0.78 0.97 0.88 1.21 1.32 0.65 
163Dy 5.93 6.32 6.25 5.18 5.97 5.40 6.33 5.98 5.02 5.80 5.51 7.35 5.96 5.73 6.72 5.27 6.68 7.08 
165Ho 1.06 1.30 1.30 1.19 1.18 1.48 0.84 1.34 0.97 1.20 1.30 1.37 1.08 0.96 1.32 1.48 1.64 1.21 
166Er 3.13 2.10 3.57 4.36 2.89 3.50 3.29 3.49 2.93 3.28 2.79 4.16 2.82 3.22 4.19 2.94 3.02 4.31 
169Tm 0.41 0.32 0.61 0.55 0.58 0.52 0.36 0.42 0.59 0.37 0.53 0.39 0.52 0.25 0.58 0.53 0.44 0.36 
172Yb 3.35 3.06 4.27 2.84 4.33 3.19 2.72 3.28 3.04 2.42 3.22 4.85 4.01 2.33 3.01 4.16 5.14 3.61 
175Lu 0.42 0.40 0.51 0.58 0.50 0.65 0.32 0.44 0.62 0.37 0.46 0.47 0.44 0.38 0.55 0.55 0.44 0.55 
178Hf 4.65 3.93 4.67 4.63 5.06 4.39 4.28 4.16 3.27 4.45 5.17 5.00 3.88 4.05 4.87 5.08 4.31 5.03 
181Ta 0.77 0.53 0.59 0.59 0.64 0.55 0.73 0.56 1.07 0.57 0.34 0.50 0.68 0.68 0.51 0.62 0.95 0.63 
232Th 5.43 5.12 6.46 5.63 6.97 5.39 5.30 4.97 5.54 5.54 5.93 5.63 5.43 5.27 5.31 6.63 6.31 6.47 
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Continuation Table 9 
Standard  BCR 
Analyses n° 187 188 207 208 227 228 BCR MEAN SD RSD 
44Ca 39604 39494 44500 29189 57813 48498 45000 45000 5074 8.87 
45Sc 30.12 25.12 34.90 22.25 36.67 34.18 32.00 32.00 3.34 9.59 
47Ti 9481 10122 16303 7884 13883 14250 13080 13080 2100 6.23 
89Y 28.39 28.56 35.08 19.60 37.58 34.14 31.60 31.60 3.39 9.32 
90Zr 154 154 189 109 209 180 172.0 172.0 23.1 7.44 
93Nb 9.69 9.55 11.51 7.12 13.11 12.67 11.10 11.10 1.25 8.87 
137Ba 539 544 713 417 756 702 1.18 647.00 73.88 8.76 
139La 21.15 21.68 27.44 16.16 28.52 28.28 647 25.10 2.84 8.85 
140Ce 41.73 43.29 54.30 33.41 60.19 58.10 25.10 51.50 5.98 8.61 
141Pr 5.17 5.24 7.69 4.16 6.86 6.77 51.50 6.37 0.80 8.00 
146Nd 22.79 23.73 29.25 17.37 34.15 29.63 6.37 27.60 3.32 8.32 
147Sm 6.26 5.50 7.56 4.41 6.19 7.08 27.60 6.31 1.07 5.88 
153Eu 1.20 1.33 1.66 1.46 2.69 1.98 6.31 1.95 0.39 4.94 
157Gd 4.94 5.18 4.46 4.16 11.83 4.83 1.95 6.32 2.08 3.04 
159Tb 0.66 1.21 0.91 0.32 1.53 1.08 6.32 0.96 0.31 3.05 
163Dy 3.57 6.35 5.67 3.79 6.41 7.81 0.96 5.92 0.97 6.13 
165Ho 0.88 1.12 1.36 0.82 1.39 1.27 5.92 1.21 0.21 5.71 
166Er 3.16 2.67 5.03 1.78 3.57 2.78 1.21 3.29 0.73 4.49 
169Tm 0.39 0.69 0.74 0.41 0.26 0.47 3.29 0.47 0.13 3.70 
172Yb 2.01 2.77 4.27 1.00 4.80 3.45 0.47 3.38 0.98 3.46 
175Lu 0.36 0.58 0.51 0.33   0.61 3.38 0.48 0.10 5.01 
178Hf 3.69 4.85 5.52 2.74 4.85 4.77 0.48 4.47 0.65 6.93 
181Ta 0.61 0.28 0.37 0.35 0.85 0.92 4.47 0.62 0.20 3.17 
232Th 4.90 4.96 6.13 3.74 6.62 6.15 10.10 5.66 0.72 7.86 
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Continuation Table 9 
Standard  NIST610 
Analyses 
n° 4 5 6 24 25 26 44 45 46 64 65 66 84 85 86 104 105 106 
44Ca 71125 73255 71805 79572 77017 73640 80636 76796 80311 80681 77718 82083 81020 79640 81390 83463 80127 80706 
45Sc 511 525 518 521 526 506 522 500 507 470 464 477 485 481 483 473 462 478 
47Ti 277 285 267 270 246 312 60 55 53 52 42 46 44 54 44 48 45 47 
89Y 515 484 485 480 484 480 500 468 478 449 447 457 483 469 464 471 451 462 
90Zr 457 476 458 469 459 442 464 442 464 414 408 410 459 463 448 461 417 430 
93Nb 486 489 489 499 490 482 522 478 497 458 461 459 497 480 467 478 454 464 
137Ba 431 452 433 443 436 430 492 442 453 408 421 406 473 469 455 497 443 446 
139La 452 457 454 465 455 447 483 454 472 429 425 431 468 452 449 463 439 444 
140Ce 499 508 486 495 495 483 496 472 490 439 453 449 499 485 479 488 460 462 
141Pr 525 531 508 478 487 473 497 468 474 440 431 449 472 464 454 464 440 447 
146Nd 450 461 457 453 455 446 474 448 463 416 416 428 457 450 439 448 425 427 
147Sm 474 491 474 464 484 483 493 450 454 426 424 438 458 453 429 442 422 436 
153Eu 458 467 466 470 468 457 491 467 476 433 431 436 462 458 441 457 431 427 
157Gd 435 460 467 459 463 459 518 482 484 450 444 460 499 512 483 513 476 461 
159Tb 449 462 461 453 455 445 485 443 465 424 417 434 471 463 446 461 434 441 
163Dy 471 475 478 470 481 480 489 461 466 430 423 437 470 472 456 464 445 455 
165Ho 488 494 484 492 485 478 508 467 491 443 447 458 483 485 469 487 455 458 
166Er 480 490 486 494 486 468 492 455 477 425 431 449 459 471 434 465 430 443 
169Tm 459 478 471 468 471 467 495 457 476 435 440 441 473 471 451 471 454 443 
172Yb 496 495 485 506 495 474 507 473 510 438 433 452 489 471 459 469 447 448 
175Lu 475 483 477 490 480 476 502 468 489 437 438 460 484 479 467 477 450 453 
178Hf 431 441 438 441 440 433 452 432 448 399 399 420 409 417 416 419 388 396 
181Ta 520 524 525 538 518 519 548 500 506 460 464 482 508 506 488 500 473 475 
232Th 481 486 477 492 475 480 505 466 487 436 429 447 483 484 461 476 450 457 
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Continuation Table 9 
Standard  NIST610 
Analyses 
n° 124 125 126 144 145 146 164 165 166 184 185 186 204 205 206 224 225 226 
44Ca 86123 82933 81744 86619 82361 85867 82845 83478 84987 81908 84126 80121 63635 57609 56973 86214 83462 80735 
45Sc 469 460 448 475 461 486 474 467 487 464 471 452 374 364 341 479 488 493 
47Ti 314 312 284 317 308 283 289 298 337 283 322 252 171 147 153 213 202 227 
89Y 457 454 425 471 454 472 451 449 469 439 447 432 351 345 319 450 446 451 
90Zr 414 399 382 427 415 431 418 419 448 407 425 403 338 319 305 422 428 430 
93Nb 461 449 436 482 479 483 457 450 471 448 458 435 361 353 330 460 462 468 
137Ba 426 423 413 451 433 456 418 395 428 411 389 394 331 315 286 410 423 423 
139La 448 435 423 463 459 469 443 430 456 420 435 419 335 327 307 428 427 434 
140Ce 464 451 436 479 470 485 456 448 474 441 449 432 357 343 318 457 450 458 
141Pr 457 440 421 464 453 459 438 430 457 422 436 416 345 334 310 441 438 445 
146Nd 431 416 405 439 436 438 420 413 437 405 414 403 331 322 301 424 423 427 
147Sm 425 404 396 439 425 432 425 419 453 406 417 404 344 338 314 419 435 431 
153Eu 437 430 404 448 449 457 428 429 447 422 428 413 347 326 312 437 427 444 
157Gd 397 401 374 396 406 397 441 422 440 409 424 420 333 314 288 411 401 409 
159Tb 431 421 399 442 436 439 426 420 450 408 412 401 333 319 300 429 423 429 
163Dy 433 413 408 444 429 452 431 428 456 429 437 421 346 338 313 445 452 443 
165Ho 450 434 419 451 447 456 448 449 469 432 448 428 352 346 324 456 458 457 
166Er 427 418 402 441 433 431 456 444 468 424 430 418 338 328 311 435 442 441 
169Tm 433 422 413 444 436 443 442 430 458 422 430 426 344 334 314 442 447 451 
172Yb 464 454 440 469 472 480 456 444 475 439 448 420 368 367 338 466 481 481 
175Lu 449 441 429 457 457 467 455 447 468 426 441 433 345 335 320 448 433 448 
178Hf 395 380 370 394 394 391 394 386 406 377 389 380 308 307 283 385 390 397 
181Ta 469 459 435 470 475 478 485 480 503 468 481 465 382 374 342 485 491 490 
232Th 451 439 430 469 460 474 437 436 467 424 439 430 353 344 321 451 448 453 
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Continuation Table 9 
Standard  NIST 610 
MEAN SD RSD 
44Ca 78964.6 7147.3 11.0 
45Sc 474.0 40.9 11.6 
47Ti 193.3 112.2 1.7 
89Y 453.0 39.9 11.4 
90Zr 424.2 39.2 10.8 
93Nb 460.9 39.4 11.7 
137Ba 423.7 42.9 9.9 
139La 436.0 38.3 11.4 
140Ce 458.5 41.9 10.9 
141Pr 447.4 44.9 10.0 
146Nd 425.0 37.5 11.3 
147Sm 431.1 39.5 10.9 
153Eu 435.5 38.1 11.4 
157Gd 433.5 52.7 8.2 
159Tb 428.5 39.5 10.8 
163Dy 440.0 39.0 11.3 
165Ho 452.6 40.2 11.3 
166Er 439.5 42.3 10.4 
169Tm 440.3 38.5 11.4 
172Yb 458.5 38.1 12.0 
175Lu 449.6 40.4 11.1 
178Hf 398.5 37.7 10.6 
181Ta 480.1 42.7 11.2 
232Th 449.9 39.8 11.3 
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Continuation Table 9 
Standard  NIST612 
Analyses 
n° 2 3 21 22 23 41 42 43 41 42 43 61 62 81 87 83 81 82 
44Ca 82514 78215 89900 88886 82656 88011 85242 90091 86570 83847 88616 87511 81168 83447 88274 83411 84318 89196 
45Sc 38.86 40.82 38.19 40.72 46.40 42.94 37.33 41.94 43.17 37.53 42.17 40.29 37.55 45.46 39.33 42.37 45.08 39.01 
47Ti 54.03 23.45 104.03 39.16 24.01 56.35 62.56 31.53 11.11 12.34 6.22 10.17 8.62 1417 1417 1417 1276 1276 
89Y 38.09 37.04 38.37 38.23 39.26 38.06 38.28 38.79 38.98 39.19 39.71 36.48 37.26 40.03 36.79 37.44 40.45 37.18 
90Zr 35.11 38.72 31.91 35.98 35.40 35.92 38.23 35.15 35.74 38.05 34.98 31.22 38.50 40.07 32.73 35.87 42.39 34.62 
93Nb 37.32 38.76 38.51 38.75 39.28 36.90 36.50 38.64 38.42 38.01 40.24 36.32 37.47 37.42 37.63 39.09 37.56 37.77 
137Ba 40.46 34.10 37.67 35.97 37.49 39.74 40.78 36.44 42.62 43.73 39.07 38.48 38.96 30.12 35.33 32.46 32.03 37.56 
139La 33.58 36.92 35.15 36.54 36.47 36.08 35.07 36.37 37.88 36.81 38.18 31.96 33.95 36.32 35.06 35.73 37.06 35.78 
140Ce 36.29 36.91 38.87 41.47 38.31 38.10 39.30 38.13 39.20 40.44 39.23 35.64 38.12 38.63 35.95 39.17 39.68 36.93 
141Pr 37.27 36.68 36.59 38.11 37.18 37.17 36.48 37.98 38.97 38.25 39.82 33.96 35.80 35.72 37.38 37.34 35.90 37.57 
146Nd 35.02 36.87 35.44 37.02 33.99 34.15 34.32 35.23 35.85 36.02 36.99 34.46 36.05 34.58 34.45 33.75 35.15 35.01 
147Sm 38.20 35.94 35.22 37.28 38.35 37.43 31.21 41.44 37.38 31.18 41.40 35.71 35.69 39.73 34.03 39.34 39.59 33.91 
153Eu 34.93 34.11 34.12 36.23 35.10 34.37 32.70 34.14 36.35 34.57 36.10 32.78 34.06 33.38 34.53 33.73 33.16 34.30 
157Gd 35.34 33.39 39.33 40.79 38.13 30.87 36.94 41.96 34.18 40.90 46.46 40.41 39.09 29.19 32.22 32.53 30.40 33.55 
159Tb 35.45 35.15 35.10 37.36 35.75 37.05 36.29 35.54 38.85 38.05 37.26 34.56 35.62 33.04 34.71 35.65 33.99 35.70 
163Dy 34.83 35.20 35.20 39.13 34.80 37.40 36.81 35.51 38.62 38.01 36.67 33.77 37.29 33.13 36.21 34.46 33.66 36.79 
165Ho 37.38 36.12 39.62 40.94 36.13 38.00 36.59 38.98 39.47 38.00 40.49 36.45 37.92 37.28 36.28 37.14 37.54 36.54 
166Er 37.97 36.69 36.00 40.38 36.89 40.86 35.24 35.97 41.99 36.21 36.96 33.74 36.68 36.85 36.96 39.88 36.67 36.78 
169Tm 36.67 38.53 36.41 39.77 37.57 39.13 36.25 36.50 40.95 37.94 38.20 35.16 37.43 35.88 37.21 37.89 36.24 37.58 
172Yb 41.15 39.36 41.16 43.13 40.91 35.23 37.79 41.24 36.42 39.06 42.63 36.15 41.84 41.47 40.64 42.01 41.65 40.82 
175Lu 37.97 37.75 37.77 39.86 35.59 38.92 37.98 36.23 40.01 39.05 37.26 36.83 37.43 35.86 37.44 37.91 36.50 38.11 
178Hf 34.96 36.47 35.22 35.57 34.99 36.14 34.40 30.68 37.80 35.98 32.09 33.32 35.91 36.21 34.87 32.32 34.95 33.66 
181Ta 39.48 39.62 38.22 40.68 41.13 40.85 38.78 39.70 41.66 39.55 40.49 37.25 38.97 40.20 41.21 38.97 40.55 41.57 
232Th 37.35 38.43 37.50 38.81 34.49 38.21 37.19 36.32 39.60 38.55 37.64 37.20 37.35 35.50 35.38 36.86 36.36 36.24 
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Continuation Table 9 
Standard  NIST612 
Analyses 
n° 83 101 102 103 122 122 141 142 143 161 162 163 161 162 163 181 182 183 201 
44Ca 84282 85700 85107 89630 79834 83086 85239 78131 78762 92507 89568 91442 88244 85440 87228 83846 86793 86722 85012 
45Sc 42.02 41.10 37.59 43.73 38.45 38.85 36.55 38.50 42.23 42.01 42.83 46.42 39.48 40.26 43.63 42.35 40.09 41.87 42.68 
47Ti 1275.63 5.64 6.67 <4.26 6.78 44.31 <28.32 58.36 <26.53 66.87 77.68 55.34 63.41 73.66 52.48 98.05 44.72 31.11 <23.64 
89Y 37.83 37.45 38.74 39.15 37.02 37.69 36.44 32.99 35.35 41.50 41.53 43.11 37.94 37.97 39.41 36.03 36.50 36.35 40.29 
90Zr 37.95 37.40 35.76 34.84 28.24 26.89 34.84 28.84 34.08 36.98 47.65 41.22 34.95 45.03 38.96 28.77 31.07 37.34 39.31 
93Nb 39.23 36.31 36.33 39.75 39.96 40.72 35.86 34.03 34.33 42.04 40.24 40.54 39.05 37.39 37.66 36.41 36.75 37.85 40.43 
137Ba 34.51 39.28 42.06 38.40 40.66 39.47 34.50 31.62 31.60 43.77 43.71 40.69 39.80 39.76 37.01 33.48 37.36 36.37 40.03 
139La 36.45 35.09 36.33 34.86 34.68 35.73 33.06 33.25 31.67 40.81 38.55 37.32 37.39 35.31 34.19 33.35 33.46 36.04 38.25 
140Ce 40.23 35.71 36.70 39.53 39.14 39.14 36.07 36.64 34.01 41.25 39.00 42.35 38.84 36.73 39.88 37.43 36.22 38.16 39.97 
141Pr 37.52 37.97 37.61 37.15 36.55 37.24 35.58 33.76 32.63 41.36 39.95 40.61 38.21 36.91 37.52 35.50 36.01 36.93 37.60 
146Nd 34.31 35.38 36.45 36.77 33.83 34.02 33.62 32.54 32.74 38.69 37.74 37.38 35.89 35.02 34.68 33.65 33.22 34.43 37.41 
147Sm 39.20 37.87 37.22 36.07 33.34 33.11 37.39 32.48 34.35 39.69 42.52 39.31 37.13 39.77 36.77 33.68 34.33 38.12 36.73 
153Eu 33.51 35.88 36.17 33.80 34.47 34.86 31.94 32.23 31.45 38.06 37.62 35.38 35.30 34.89 32.82 32.45 32.63 35.86 35.99 
157Gd 33.87 30.53 40.51 36.85 50.47 43.48 36.82 30.10 34.41 41.50 38.11 33.64 40.79 37.46 33.07 35.90 29.22 29.33 43.12 
159Tb 36.67 37.50 35.03 36.05 36.78 36.00 35.37 32.17 31.78 39.68 38.09 39.37 36.31 34.85 36.02 34.93 33.83 36.46 38.08 
163Dy 35.01 34.95 34.57 36.90 40.94 39.73 33.05 32.41 33.13 39.11 35.75 39.33 36.82 33.66 37.03 36.55 33.39 35.00 39.04 
165Ho 37.41 37.86 37.98 38.95 38.97 38.12 35.76 33.75 33.78 43.27 42.38 39.75 40.00 39.17 36.74 35.51 38.38 37.41 39.90 
166Er 39.68 37.15 35.79 37.05 38.98 38.66 36.66 32.79 34.29 43.29 37.81 40.09 40.89 35.71 37.87 34.30 33.44 40.21 39.07 
169Tm 38.26 38.27 38.24 36.60 37.76 37.15 35.93 34.54 32.04 41.86 40.90 42.25 38.53 37.64 38.88 34.86 33.97 38.03 39.01 
172Yb 42.19 37.64 37.24 39.49 40.59 41.46 36.14 36.36 32.89 46.91 42.01 47.32 42.24 37.83 42.61 37.93 36.52 44.28 39.10 
175Lu 38.58 37.91 37.41 38.21 37.39 37.24 36.44 33.43 33.42 43.94 39.72 41.73 39.80 35.98 37.81 35.49 35.37 37.67 40.68 
178Hf 31.19 36.76 32.13 37.98 37.24 36.58 35.38 27.89 33.03 38.52 36.53 36.84 35.23 33.41 33.70 32.27 35.21 38.04 37.62 
181Ta 39.30 39.52 38.47 38.80 40.28 39.93 39.25 36.56 35.45 43.56 42.38 42.06 40.94 39.83 39.53 39.01 37.84 40.74 40.42 
232Th 37.75 36.94 38.26 37.78 37.41 37.51 34.18 32.57 33.80 43.14 41.11 40.29 38.66 36.83 36.10 36.09 36.54 36.93 41.42 
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Continuation Table 9 
Standard  NIST612 NIST612 
Analyses n° 202 203 201 202 203 221 222 223 MEAN SD RSD 
44Ca 82845 82194 84911 82746 82096 88015 87466 87627 85474.35 3445.35 24.81 
45Sc 39.66 39.47 42.61 39.59 39.40 42.85 39.13 42.81 41.01 2.46 16.69 
47Ti 40.74 26.89 28.87 28.87 19.06 <17.10 23.17 234.77 240.24 473.05 0.51 
89Y 40.25 39.44 39.07 39.04 38.26 38.64 37.84 36.56 38.27 1.77 21.64 
90Zr 39.03 28.09 38.47 38.20 27.49 38.99 30.85 42.29 35.87 4.56 7.86 
93Nb 39.11 38.06 39.59 38.30 37.27 40.14 37.56 35.82 38.12 1.69 22.57 
137Ba 37.11 39.25 39.30 36.43 38.53 41.11 36.14 35.05 37.78 3.37 11.22 
139La 38.23 35.75 36.69 36.67 34.29 36.13 35.36 35.44 35.76 1.80 19.87 
140Ce 40.34 37.51 39.13 39.49 36.72 38.72 39.34 36.66 38.34 1.75 21.89 
141Pr 37.97 37.93 36.74 37.11 37.07 37.89 37.41 36.82 37.19 1.59 23.40 
146Nd 37.46 35.10 36.38 36.43 34.13 36.14 33.44 34.70 35.24 1.44 24.48 
147Sm 37.96 36.23 36.56 37.78 36.06 41.19 32.87 36.27 36.82 2.72 13.54 
153Eu 37.32 33.18 35.24 36.54 32.48 35.85 33.58 33.26 34.48 1.57 21.95 
157Gd 37.29 43.24 39.55 34.20 39.65 37.27 36.06 33.65 36.79 4.82 7.64 
159Tb 36.18 36.59 37.03 35.18 35.58 34.71 34.89 38.25 35.97 1.68 21.39 
163Dy 37.95 34.08 38.46 37.39 33.57 35.78 33.59 36.89 36.03 2.12 16.99 
165Ho 38.44 35.92 39.33 37.89 35.40 38.31 38.30 38.43 37.96 1.92 19.74 
166Er 39.49 36.61 37.23 37.63 34.88 38.97 36.93 39.72 37.51 2.29 16.39 
169Tm 40.01 37.43 38.13 39.11 36.59 37.82 36.25 37.49 37.62 1.96 19.20 
172Yb 40.68 39.40 39.76 41.37 40.08 39.33 37.92 41.24 40.07 2.85 14.06 
175Lu 38.65 38.39 38.96 37.01 36.76 37.86 38.15 37.65 37.78 1.88 20.07 
178Hf 36.34 31.75 36.64 35.40 30.93 35.47 35.33 35.36 34.85 2.28 15.30 
181Ta 41.20 38.47 39.10 39.86 37.21 40.39 41.11 41.52 39.81 1.56 25.52 
232Th 37.77 35.25 40.67 37.08 34.62 38.31 36.15 37.07 37.32 2.03 18.40 
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Africa 
 
The garnet-epidote-bearing cordilleran-type Galiléia 
Batholith (30000 km2) appears to have been assembled in the 
lower crust (> 0.8 GPa) between ca. 630 and ca. 570 Ma [1]. 
New U-Pb zircon LA-ICP-MS dating on metaluminous to 
peraluminous granitoids from the batholith disclose an 
intriguingly long potential crystallization history, that is 
consistent with the proposed  >10kbar crystallisation 
indicated by the mineralogy and mineral chemistry of the 
rocks [1]. In most cases, the scatter of U-Pb zircon dates from 
a single sample cannot be explained by analytical 
uncertainties alone, yielding weighted mean dates with 
considerable over-dispersion (MSWD >> 1). In individual 
samples, the ages of oscillatory zoned, magmatic zircon, 
appears to record between ca. 20 to 50 Myrs of crystallisation 
suggesting extremely protracted zircon crystallisation. Hf 
isotopic compositions of the same zircon crystals show 
negative values, with εHf from -6 up to -16, and scattered 
behaviour, varying from 4 up to 10 εHf units per sample. 
Zircon ages and εHf are correlated, with εHf decreasing in 
young crystals, while zircon Th/U ratios appear to increase 
through time. The rare occurrence of dissolution textures in 
zircon suggest that the magma was kept near Zr-saturation for 
ca. 50 Myr. Collectively, these data suggest that the Galiléia 
batholith was incrementally assembled over an extended 
period of time in a magmatic system that became 
progressively less radiogenic in Hf and enriched in Th. 
Overall, this might have been assisted by the fact that the 
Galiléia Batholith was emplaced in the lower crust, as 
indicated by the coexistence of garnet, epidote and phengite 
in some samples.  
 
 
[1] Narduzzi et al. (2017) Lithos 282-283, 82-97. FN 
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